A Proposed Mouse Mutant Resequencing Initiative

A recommendation to augment the positional cloning of mouse mutations by
resequencing of genetically-defined critical regions at Genome Centers.

The long-term goal of the human genome project (HGP) is to define and understand the
functions of all human genes and their relationships to health and disease. The HGP has
revolutionized genetic research, having yielded complete genome sequences, comprehensive
polymorphic genetic marker sets, and other molecular reagents for humans, mice and many
other experimental organisms. This has greatly simplified positional cloning of disease genes
and genetic mapping of simple and complex traits. Concurrent efforts have identified thousands
of expressed genes, and coupled with high-throughput gene expression and protein analysis
technologies, we are in the powerful position of knowing the sequence identity of most genes,
their expression patterns, the chromatin states around genes, and networks of interacting
proteins.

While these data are valuable for deducing or suggesting the roles of genes in development and
disease, the in vivo functions of most mammalian genes remain unknown. And their
characterization remains a formidable challenge. With the advent of RNAI technologies, it has
been possible to qualitatively assay large sets of genes for particular functions in simple animals
such as C. elegans. In mammals, such technologies are being applied to cultured cells, but this
approach will not address genes that function in developmental processes or differentiated
tissues for which there is no in vitro model.

The task of elucidating the in vivo function of human genes in disease and development relies
heavily upon utilization of the mouse, in which mutations can be created in various ways. By
standard targeted mutagenesis in ES cells, mice containing null mutations in approximately
3500 mouse genes have been generated by independent laboratories. Gene trapping can be
used to randomly mutate genes in ES cells, followed by the derivation of germline chimeras (1,
2). Successful gene trap alleles are either hypomorphs with reduced expression or null alleles.
The International Gene Trap Consortium, consisting of several groups around the world, has
generated an enormously useful resource for the mouse community. However, it has become
clear that, due to various technical issues, only about 2/3 of genes will be effectively trapped (3).
Germline transposon mutagenesis has more recently been developed in mice (4, 5), but it is not
yet clear how effective this will be for mutagenizing a large fraction of the mouse transcriptome.
The alleles generated by germline transposition will also be predominantly null alleles. Finally,
the Knockout Mouse Project (KOMP; (6)) was initiated at NIH and funding has been awarded for
high-throughput generation of gene-targeted ES cells (not mice). The ultimate goal is to have
every mouse gene mutated in ES cells, and made available to investigators to convert into
animal models. This complements similar international efforts in Canada and Europe.

These projects will be hugely important for our understanding of mammalian genetics and
biology. However, as history has taught us, it is highly desirable to have not just null mutations
in every gene, but an allelic series of mutations including missense mutations that vary in
severity. It is also essential to generate information on the consequent phenotypes. Finally, it
has recently become evident that large parts of the genome (of mammals and other organisms
such as Drosophila) harbor transcription units for noncoding or unannotated RNAs that play
unknown roles in genome regulation or function (7-10). These and other unknown elements will
not be targeted by KOMP or other reverse genetic approaches. Notably, the first discovery of
functional microRNAs in C. elegans came through a phenotypic genetic screen with positional
cloning that yielded lin-4 (11, 12). Forward genetic methods that can uncover such functionally
important genomic elements and associate them with specific phenotypes will continue to be



valuable. Clearly, a combination of phenotype-driven, gene-driven, and computational
approaches will be required to approach a comprehensive understanding of the functions of all
mammalian genes and other genome elements

In recent years, the NIH has supported large centers and individual labs in their efforts to
generate ENU-induced mouse mutants. Most of these screens were phenotype-driven, and
performed by groups with expertise in particular biological areas. These efforts have resulted in
the isolation of hundreds of well-characterized mutants with defects in processes such as
embryonic development, neurological function, reproduction, behavior, morphology and
perception. Many of these ENU-induced mutants provide relevant human disease models.
Overall, these funding initiatives have been highly successful in generating a rich resource of
mutants. The discovery and analysis of spontaneous single-gene mutations with visible
phenotypes also continues to augment the available collection of disease models. The diversity
of biological process that has been informed by these studies is quite remarkable, as illustrated
in the representative publications that are cited below (Appendix 1).

The collective experience of research teams involved in these forward genetic screens is that
many investigators with interest in the biology of the mutants are reluctant to undertake the
positional cloning task themselves. The maijority of successfully cloned genes have been
identified by the investigators that created the mutants. Only a fraction of the induced mutations
have been positionally cloned to date, though many have been genetically mapped to varying
degrees.

The primary value of these ENU mutants is the potential for associating the phenotype data with
a specific genetic lesion. These lesions may be in genes or regulatory regions or non-coding
RNAs or other DNA elements. An enormous amount of effort and resources has already been
devoted to biological characterization, but the full value of this investment will not be realized
until the mutations are identified. With the availability of high density genetic markers, it has
become routine to map the mutants to a region of less than 5 Mb by generating and genotyping
100 to 200 F2 animals. The bottleneck for positional cloning is now the identification of point
mutations within the nonrecombinant regions, which can take a substantial amount of time and
money when carried out using traditional small-scale sequencing capabilities. We therefore
propose that high-throughput resequencing of genetic intervals containing ENU and
spontaneous mutations could significantly expedite positional cloning and the value of the
collective mutant resource.

A practical solution would be to utilize the vast sequencing capacity of existing Genome Centers
to sequence critical regions for mapped mutations. The cost of this resequencing is estimated
at $5-6K per mutant, as discussed below, which compares favorably with the costs of the two
alternative approaches to mouse gene function now in progress. The KOMP project will
generate ES cell lines with mutations in particular genes, with no phenotypic information, at a
cost of approximately $5,000 per line. Knockout mice with characterized phenotypes are being
“repatriated” from the private sector at a cost of $45,000 per line. Since the ENU induced
mutants are already phenotypically characterized, and can be assessed with respect to
biomedical relevance, the investment of an additional $5-6K per line, is marginal compared with
the previous investment and the inherent value of a mutant with known phenotype.
Resequencing is thus a cost-effective approach to assigning functional data to this set of
mutated genes, and provides an alternative to generating uncharacterized ES lines for the same
genes. After the genes responsible for large numbers of ENU-induced mutations are identified,
the genes being targeted by KOMP can be adjusted so as to be non-redundant, thereby
increasing the number of mouse genes that will be mutated with available funding.



A key issue is the cost of identifying an ENU mutation by high-throughput resequencing. We
suggest that eligible candidates mutations must first be mapped to a reasonable level of
resolution, perhaps 5 Mb or less, which would then be followed by sequencing exons and
flanking regions for all genes in the region. Positional cloning experience indicates that the
great majority of ENU-induced mutations responsible for mutant phenotypes are located within
or near coding sequence. Analysis of the most recent mouse genome build (courtesy of Peter
Meric and Deanna Church, NHGRI) identified between 208,043 and 243,757 exons in the
genome (based on gene models and transcripts, respectively), or 69 to 81 exons/ Mb on
average. Less than 10% of these are > 800 bp in length. Thus, a 5 Mb nonrecombinant interval
could be fully characterized by analysis of 350-400 amplicons. The cost of primers and
sequencing for such a project would be approximately $5-6K and the process could be
completed within 1-2 weeks in the context of a Genome Sequencing Center. The actual
sequencing analysis required for even hundreds of ENU mutants would be a very small fraction
of the capacity of a Genome Center.

Although most disease mutations lie within or near coding regions of genes, mutations located
outside of annotated genes but within the genetically defined mutant region, although rare, are
of particular interest for identification of novel functional elements of the genome. These cases
represent valuable opportunities that are not achievable via the KOMP-style gene-by-gene
approach. Because of the difficulty of finding such mutations, it remains unclear what proportion
of mutants in the various ENU collections fall into this category. While there is only one proven
case of an ENU-induced mutation of a regulatory sequence (13) there are numerous anecdotal
reports in which mutations have not been found despite extensive exon-directed sequence
analysis. For such cases, genomic resequencing of either conserved (presumptive regulatory)
regions, or the entire nonrecombinant region is required. Even for these cases the value of
identifying such mutants is high relative to the sequencing costs. Indeed, the identification of
novel functional genomic elements is the raison d’etre of the ENCODE project.

It is important to emphasize that positional cloning of spontaneous mutants continues to be an
important source of information regarding gene function and disease. These projects would
also benefit greatly from access to resequencing of exons within 5 Mb nonrecombinant regions.
In certain situations, QTL loci might also be eligible for the resequencing approach, i.e. when
the parental strain is not included among the 15 strains being resequenced, and the locus of
interest has been mapped with high confidence and resolution.

LOGISTICS:

A goal of this proposal is to minimize the impact on the Genome Center’'s normal workflow. To
this end we are proposing an external review process for consideration of projects, as well as a
Coordinating Center that will serve as an interface between investigators and the Sequencing
Centers. The intent of the review is to insure that the minimal criteria for processing are met;
specifically, localization to a <5 Mb interval and agreement to submit the characterized
mutant to a public repository prior to publication. The aim of the Coordinating Center is to
provide a consistent pipeline for handling DNA samples going to the Centers and the data being
returned. This is especially desirable given that it would be inefficient to require the Centers to
communicate with the large numbers of investigators who will utilize this program.

Coordination Center: For the interim, The Mouse Mutation and Developmental Analysis
Program (MMDAP: UO1 HD43430, D. Beier, PI; J.Moran, Program Director) will serve as a
coordinating center, and will be responsible for the following:

1) Receive requests from investigators by email.



2) Forward application to two reviewers from standing committee of six reviewers; monitor
return of reviews.

3) Communicate outcome of review to investigators.

4) Receive DNA samples from investigators; verify concentration, quality, strain background
(by SNP analysis).

5) Forward DNA samples to assigned genome center and monitor timely response.

6) Receive sequencing report from Genome Center and communicate results to Investigators.

Eligibility: In the first phase of the project, single-gene mutations of biomedical interest that
have been mapped to a maximal recombinant interval of 5Mb. This will, on average, contain 50
genes and require sequencing of approximately 350-400 amplicons.

Application procedure: The investigator will provide the following information:
Phenotype class: e.g. immunity, deafness, eye
Phenotype description and biomedical justification for sequencing:
Phenotype assay:
Type of mutation: (ENU-induced, spontaneous mutation, strain difference)
Background strain:
Mapping strategy: (F2, backcross, congenic)
Chromosome position and mapping data:
Proximal marker (bp location), # recombinants/total potential recombinants.
Nonrecombinant markers tested (bp location)
Distal marker (bp location), # recombinants/total potential recombinants
# Refseq genes in nonrecombinant interval
Known mutant loci in nonrecombinant interval (can be obtained from Mouse Genome Database)
Publications:
Grant support, current or planned:
Plan for pre-publication submission to public repository.

Review Process:
Two independent reviewers will rate each application, using the following scale:

1. top priority for sequencing
2. defer for additional information
3. reject

Reviews will be “rolling”, with a goal of 2-week turn-around for completion. The aim in this case
is to review the data for genetic localization, not to make judgments regarding scientific
significance. Upon acceptance, each mutant will be assigned an anonymous ID number for use
in subsequent steps.

Submission of samples:

Four DNA samples (1 mg each) will be submitted, from 2 affected individuals and 2 controls.
In the case of preimplantation lethal mutations, heterozygous carriers can be provided in place
of homozygous affected samples. As previously noted, the Coordinating Center will confirm
DNA concentrations and perform SNP analysis to document strain background.

Re-sequencing Report from Sequencing Center to Investigator:

A report of sequence variants (consistent differences between the 2 controls and 2 affected
samples) will be returned to the Coordinating Center and forward to the Investigator. The data
will be reviewed by the Coordinating Center to identify strain-specific polymorphisms (which will
be submitted to dbSNP) and presumptive mutations (which will be reported to the Investigator).



The format of the report, and type of bioinformatic analysis, will be determined by the standards
for Resequencing at each Genome Center.

Data and Resource sharing plan: First, all the DNA sequence traces will be submitted to the
trace archive in accordance with the usual sequencing center procedures. Second, the P.I. will
submit phenotype and strain data to the Mouse Genome Informatics website. Specifically, the
P.I. will submit data about the strain and phenotype to MGI using this web-form:
http://www.informatics.jax.org/mgihome/nomen/allmut_form.shtml. This form collects data on
type and mode of inheritance of the mutation, genetic background, phenotype, publications, and
contact details. This ensures that the information on the strain is readily available from a fully
searchable database that is familiar to the scientific community. The data will go public upon
acceptance of the project. Finally, the P.l. will fill out an MMRRC submission form, found at:
http://www.mmrrc.org/submission/strain_submission_terms.html. Conditions of submission
include agreements to provide genotyping data, sign the MTA, provide a health report, and ship
the animals. The form also collects detailed information on the allele, background strain,
phenotype, applicable research areas, breeding behavior, husbandry requirements, and
relevant citations. The submission will be reviewed according to the standard procedures of the
MMRRC steering committee. Furthermore, the members of the Coordinating Center will work
closely with staff at the NHGRI to ensure full compliance with this resource sharing plan.

As shown in Appendix 2, there is abundant community interest in the proposed program, and a
large number of investigators prepared to utilize these resources as soon as they can be made
available. An additional important consideration is that most of the eligible mutations are being
characterized as part of existing NIH-supported research programs. The "end game” in this
characterization is notoriously tedious, time-consuming, labor-intensive, and costly for
laboratories without access to robust informatic and sequencing resources. Thus, facilitating the
use of a high throughput center for sequencing would ultimately result in the more efficient use
of NIH funds. We urge the NIH to explore options to enable researchers with well-mapped ENU-
induced mutations, spontaneous mutations, or QTLs, to partner with Genome Centers for re-
sequencing of critical regions. This Mutant Resequencing Project would unlock the full value of
the mouse mutant resources in which the NIH has invested over the past several years.

Respectfully submitted:

Miriam Meisler, Ph. D.
Professor of Human Genetics
University of Michigan

John Schimenti, Ph.D.

Professor of Genetics

Director, Center for Vertebrate Genomics
Cornell University

David R. Beier, M.D., Ph.D.
Professor of Medicine

Harvard Medical School
Brigham and Women’s Hospital
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Appendix 2:

An informal and incomplete tabulation of positional cloning projects (Table 1 below) reveals an
extraordinary potential interest in the utilization of high-throughput mouse mutant resequencing.
There are presently nearly 60 projects ready for such an analysis (i.e., mapped to a
recombinant interval <5 Mb) and 35 nearly so (i.e., mapped to a recombinant interval of
between 5-10 Mb).

Even this large number of projects will not tax the capacity of the Genome Center resequencing
program. For example, according to Dr. John McPherson, the capacity of the Baylor Center
effort is presently 400,000 PCR per month. Conservatively estimating each mouse project as
requiring sequence analysis of 400 wild-type and mutant amplicons, the execution of 60 projects
over one year would utilize about 2% of a single Genome Center’s capacity. Assuming an
approximate cost of $5500/ project, for a total of $330K/yr, this would be a highly cost-effective
means to maximize the biological informativeness of phenotype-driven mutational analysis.
Given our experience that community interest in phenotype-characterized mouse mutants is
greatest for those in which the mutated gene is known, this would be an extremely productive
use of NIH resources.

Table 1:
<2Mb |2-5Mb |5-10Mb |10-20 Mb | >20 Mb

Anderson, Kathryn | Sloan-Kettering | 5 6 11 10
Barsh, Greg Stanford 2 10 0 0
Beier, David BWH/HMS 0 0 1 1 4
Beutler, Bruce Scripps 1 3 2 0 4
Bucan, Maja U Penn 0 0 8 0 0
Carlson, George McLaughlin 1 0 2 3 6
Handel,Mary Ann Cornell, Jax 0 2 3 9 9
Justice, Monica Baylor 7 4 6 21
Nishima, Patsy Jax 4 1 3 0 0
Pavan, Bill NHGRI 0 1 0 1 0
Schimenti, John Cornell 12 4 3 0 4
Takahashi, Joe Northwestern 0 2 2 10 2
Total 32 33 41 55 29




