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Abstract

Historically, spontaneous mutations in mice have served as valuable models of heritable human
diseases, contributing substantially to our understanding of both disease mechanisms and basic
biological pathways. While advances in molecular technologies have improved our ability to
create mouse models of human disease through targeted mutagenesis and transgenesis,
spontaneous mutations continue to provide valuable research tools for discovery of novel genes
and functions. In addition, the genetic defects caused by spontaneous mutations are molecularly
similar to mutations in the human genome and, therefore often produce phenotypes that more
closely resemble those characteristic of human disease than do genetically engineered mutations.
Due to the rarity with which spontaneous mutations arise and the animal intensive nature of their
genetic analysis, large-scale spontaneous mutation analysis has traditionally been limited to large
mammalian genetics institutes. More recently, ENU mutagenesis and new screening methods have
increased the rate of mutant strain discovery, and high-throughput DNA sequencing has enabled
rapid identification of the underlying genes and their causative mutations. Here, we discuss the
continued value of spontaneous mutations for biomedical research.
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Introduction

Spontaneous mutations are detectable as random genetic events in any vivarium housing
large colonies of mice. Historically, mice bearing spontaneous mutations have provided a
rich source of animal models for human genetic diseases and basic biomedical research.
Mutant mice are first recognized by observation of a biomedically relevant phenotype and
are genetically analyzed using forward genetic approaches (/.e., with analysis advancing
from phenotype to gene). During the latter half of the 201 century, the evolution of
traditional approaches and technological advances, most notably the complete sequencing of
the mouse genome (Waterston et al. 2002), significantly shortened the time from mutant
strain discovery to gene identification. Despite these advances, the concurrent development
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and rapid advancement of gene targeting approaches contributed to a perception that
spontaneous mutations had been superseded in their utility by engineered alleles, a
perception that pervaded some segments of the scientific community, including funding
agencies. Yet despite the advent of targeted mutagenesis and the fact that we can genetically
engineer any mutation in any gene, reverse genetics (/.e., with analysis advancing from gene
to phenotype) still relies on a priori knowledge of gene location, structure and putative
function. While this information exists for many genes, complete structural (exons, introns,
UTRs) and functional annotation of the mammalian genome remains a work in progress. In
this context, forward genetic approaches continue to reveal unsuspected gene functions and
provide valuable models for further investigation. Moreover, with the recent advent of high
throughput sequencing, it is now possible to identify the causative mutant gene in
spontaneous mutant models at an unprecedented rate. Here we provide a rationale for the on-
going utility of spontaneous mutations as valuable resources for gene discovery, briefly
describe the history of developing spontaneous mutation mouse models, and provide an
overview of current protocols for rapid forward genetic analysis and mutation identification.

Advantages of Spontaneous Mutation Analysis

Since the early 1900s, mice bearing spontaneous mutations have been a rich source of
animal models of human genetic diseases for use in biomedical research. In the 215t century,
they continue to provide important research tools that complement genetically engineered
mutations. Their analysis can reveal novel functions for known genes, can identify genes
underlying orthologous human diseases (where the causative gene has not yet been
identified) and can immediately provide investigative insights into biomedically relevant
phenotypes.

Phenotype-driven mutation detection—Spontaneous mutations manifest as, and are
thus already known to cause, a biomedically relevant phenotype. The phenotype
immediately provides information about the physiological function of the mutant gene and
its biomedical relevance. Thus, the analysis of spontaneous mutations can reveal genes not
yet suspected to underlie human diseases. For example, Seymour et al. showed that the
mouse chronic proliferative dermatitis (cpdm) mutation causes a disease that closely mimics
human hypereosinophilic syndromes, a rare, heterogeneous group of hematological and
systemic diseases characterized by unexplained blood and tissue eosinophilia and
dermatologic lesions. Identification of a causative mutation in the mouse gene Sharpin
(SHANK-associated RH domain interacting protein) in cpdm/cpdm mutants predicts that
mutations in the Sharpin gene may cause one of the human disease syndromes (Seymour et
al. 2007). Similarly, cloning of the hurry-scurry (Ascy) mutation led to discovery of the
causative gene for human autosomal recessive deafness disorder DFNB67 (OMIM#610265)
(Longo-Guess et al. 2005) and, more recently, identification of the mouse pirouette (p/)
mutation led to discovery of the causative gene for human autosomal recessive DFNB25
(OMIM#613285) (Odeh et al. 2010).

Moreover, spontaneous mutants with phenotypes that don't directly mimic clinical
symptoms of human disease can provide models in unexpected ways. For example, Donahue
et al. showed that the disheveled hair and [small] ears mutation is a mutation in lamin A
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(LmnaP"e), an intermediate filament protein of the nuclear membrane. Detailed analysis of
the mouse phenotype revealed that it is not only a good model for craniofacial development,
but also a useful model of human laminopathies and for progeria, specifically Hutchinson-
Gilford Progeria Syndrome, OMIM#176670 (Odgren et al. 2010).

In addition to facilitating gene discovery and functional gene annotation, mouse strains
carrying spontaneous mutations also can provide platforms for development of drug
therapies. Alleviation of the mouse condition caused by mutations in the Sharpin gene
(described above) by treatment with a proteasome inhibitor (Liang et al. 2011) suggests a
potential therapeutic approach for related human diseases. Similarly, spontaneous models of
human disease have been used for the development of gene therapy approaches. For
example at The Jackson Laboratory, Chang and colleagues have developed a vision
screening program using electroretinography that has led to the identification of the
causative genes for many ocular diseases (one of which, /43, is a novel gene) and generated
mouse models for three forms of human Leber congenital amaurosis (LCA2, LCAL0,
LCA12), as well as several models for various forms of human retinitis pigmentosa. These
mouse models have been used successfully to develop gene therapy approaches for treating
ocular disease (Pang et al. 2010, Li et al. 2011, Cideciyan et al. 2011). Table 1 gives details
for these and a few other mouse models with biomedically relevant phenotypes.

Discovery of novel gene functions—The analysis of spontaneous mutations can lead
to the discovery of new roles for known genes, often implicating biological processes not
previously known or suspected to be involved in disease. For example, the sticky mutant,
first identified by its abnormal fur, was later shown to display cerebellar Purkinje cell loss
and ataxia, resulting from a missense mutation in the editing domain of the alanyl-tRNA
synthetase gene (Aars"). This missense mutation compromises the proofreading activity of
the enzyme during aminoacylation of tRNAs. Analysis of sticky mutant mice provided the
first demonstration that low levels of mischarged transfer RNAs (tRNAs) can lead to an
intracellular accumulation of misfolded proteins in specific neurons and cell death,
identifying a novel mechanism underlying neurodegeneration (Lee et al. 2006). Analysis of
woozy (wz) mutant mice also showed that protein accumulation can lead to neuronal death,
in this case due to mutation in the gene for endoplasmic reticulum chaperone SIL1 homolog
(S. cerevisiae) (S//Z) encoding a crucial endoplasmic reticulum (ER) chaperone. Studies of
this mutant provided evidence that perturbation of ER chaperone function in terminally
differentiated neurons leads to protein accumulation, ER stress and subsequent
neurodegeneration (Zhao et al. 2005).

In another example, analysis of the iris in mice with several coat color variants revealed an
unsuspected role for pigmentation genes in the etiology of a poorly understood set of ocular
disorders —pigment dispersion syndromes (PDS). PDS are a major cause of angle-closure
glaucoma, in which pigment released from the iris blocks drainage from the eye leading to
increased intraocular pressure. Analysis of spontaneous coat color mutations has shown that
mutant mice with alleles that affect melanosomes provide a rich source of models for PDS
and this class of glaucomas (Anderson et al. 2008).
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Pigment mutations also have identified over 15 mouse models for Hermansky-Pudlak
Syndrome, an autosomal recessive disease characterized by pigment dilution and prolonged
bleeding time. Research on these mouse models showed that HPS is caused by inhibition of
intracellular organelle biogenesis or transfer (Nguyen et al. 2002) and continuing research is
revealing the interacting genes involved in organelle biogenesis (Ciciotte et al. 2003, Gwynn
et al. 2000, Gwynn et al. 2004). Table 2 lists selected examples of spontaneous mouse
mutations that have revealed unsuspected functions for known genes.

Unbiased diversity of mutations and similarities to human disorders—
Spontaneous mutations, because they are naturally occurring, produce a full and unbiased
array of mutation types — single nucleotide variants (SNVs), small insertions or deletions
(<100 bp, INDELSs) and structural variants (including large insertions or deletions, repeat
sequence expansions and chromosomal rearrangements) — similar to the variety of mutations
underlying human genetic disorders. Thus, spontaneous mutations can produce a range of
effects on protein function, more closely resembling those found in human genetic disease
than do genetically engineered knockout mutations for the same gene. Spontaneous
mutations can cause over-expression (hypermorphic), under-expression (hypomorphic) or
alteration of function (dominant negative or gain-of-function) as well as the complete loss of
function (null). For example, two spontaneous mouse mutations of the homeobox D13 gene
(synpolydactyly homolog, Hoxd13%% and digit in Y-shaped finger and carpe, Hoxd13°Y%)
are in-frame duplications that cause expansion of a polyalanine repeat as in human
synpolydactyly (SPD) (Bruneau et al. 2001, Cocquempot et al. 2009, Johnson et al. 1998).
The resulting phenotypes closely resemble those of the human condition. Table 3 gives
some additional examples of varying types of spontaneous mutations and the phenotypes
they confer, compared to targeted mutations of the same genes.

Allelic Series: Multiple novel mutations in previously characterized genes create allelic
series, and analysis of their associated phenotypic variation can provide important insights
into domain-specific protein function, alternative splicing and modifier genes. The Kit
oncogene provides a classic example of how an allelic series can enable gene function
analysis by genotype-to-phenotype correlation. Mouse Genome Informatics (MGI)
documents 136 spontaneous, induced and targeted mutations in the K7t oncogene.
Phenotypes in heterozygotes with different alleles range from a white belly spot to variable
degrees of whole body spotting, male sterility and anemia. Phenotypes in homozygotes
range from preimplantation lethality to postnatal survival into adulthood as black-eyed white
mice. Severity of the phenotype is correlated with intragenic location or type of mutation
and the corresponding protein domain.

Similarly, multiple mutations in low-density lipoprotein receptor-related protein 4 (Lrp4)
(see Table 2) provide another example of an allelic series that enables gene function
analysis. The severely hypomorphic alleles gan (digitation anormale), on 129S2/SvPas, and
madig (malformed digits), on DBA/2J, cause variable brachydactyly, syndactyly and
polysyndactyly, abnormally shaped nails and failure to nurse (Simon-Chazottes et al. 2006).
Two chemically induced null mutations, mitaine (/mz€) and mitten (/mi/tf), both on C57BL/6,
cause embryonic lethality and, in addition to missing, abnormal and fused digits and
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abnormal mammary buds, mutants exhibit small, nonfunctional lungs, kidney agenesis and
abnormal embryonic neuromuscular synapses (Weatherbee et al. 2006). While some or all of
these differences might be attributed to differences in genetic background, two targeted
mutations on a 129S background similar to gan show only supernumerary and grooved
incisors while dan produces digit defects but no tooth abnormalities on 129 (Weatherbee et
al. 2006).

Genetic heter ogeneity: Genetically heterogeneous disorders, where mutations in different
genes give similar phenotypes, can reveal pathways or interacting genes. An example is the
important role spontaneous mutation analysis has played in uncovering gene function and
points of interaction in the mammalian vestibular system. Paffenholz et al. have shown that
in head tilt (hef) mice, a vestibular mutant lacking functional balance end organs, the
causative gene underlying the mutant phenotype is Mox3, an NADPH oxidase with a
previously unsuspected role in the inner ear (Paffenholz et al. 2004). Insight from the Nox3
discovery led to the rapid identification and characterization of a mutation in MoxoZ, a gene
encoding an NADPH oxidase organizer, as a non-allelic gene causing a nearly identical
phenotype in a mutant known as head slant (/s/f) (Bergstrom et al. 2004, Kiss PJ 2006).
Sanger-based sequencing and transgenic rescue confirmed AMoxol as the causative gene. A
third, ENU-induced mutation known as neuromutagenesis facility 333 (nm#333) also confers
an identical imbalance phenotype. Once mapped to a subchromosomal region, 7mf333 was
quickly identified as a mutation in a uniqgue NADPH oxidase component (cytochrome b-245,
alpha polypeptide (Cyba) (p22P"°X)) that is shared with NADPH oxidases throughout the
body, including the phagocytic oxidase required for proper immune function (Nakano Y
2008). Armed with this fact, nmf333 mutants were tested for primary immunodeficiency
and, as suspected, exhibited a deficiency with striking similarities to the orthologous human
condition, cytochrome b-negative, autosomal recessive, chronic granulomatous disease
(OMIM #233690). Thus, nmf333 mutants provide a unique and faithful mouse model for
this life-threatening human ailment. Moreover, human Cyba-deficient patients can now be
assessed for subclinical vestibular deficits. Collectively, the analysis of the head tilt, head
slant and nmf7333 mutants has identified a new role for NADPH oxidase in the inner ear,
identified three components of the complex, and provided an animal model and translational
opportunities for the corresponding human condition.

Multiple strain backgrounds and discovery of modifying genes and pathways
—Spontaneous mutations occur on a wide variety of genetically distinct strain backgrounds,
whereas induced and genetically engineered mutations are confined to only a few strain
backgrounds. Analysis of the phenotypic differences compared to genetic background can
lead to a better understanding of heterogeneous human disorders. For example, two novel
alleles of the Phex (phosphate regulating gene with homologies to endopeptidases on the X
chromosome) gene result in phenotypic variability from each other and the original Phex!¥?
mutation. The two alleles (Phex*?27 and Phex!’vP-Duky are both null mutations, resulting
from intragenic deletions of different parts of the gene, but they occurred on different
genetic backgrounds, C57BL/6J and BALBI/c, respectively. Both cause similar phenotypes
of shortened hind legs and tail, shortened square trunk, hypophosphatemia, hypocalcemia
and rachitic bone disease. Mice carrying the Phex/VP-Puk mutation, however, also exhibit
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background-dependent, variably expressed deafness, circling behavior and cranial
dysmorphology, demonstrating the influence of modifying genes on Phex-related
phenotypes. Evidence of degeneration of the organ of Corti and spiral ganglion occurs in the
hearing impaired Phex!P-Dukiy mice, but not in the normal hearing Phex¥P-2JY mice
(Lorenz-Depiereux et al. 2004). In humans, mutations in the PHEX gene cause X-linked
hypophosphatemic rickets (XLH). Identification of the genetic modifiers of hearing and
craniofacial dysmorphology in Phex¥P-Duky mice may offer insight into the phenotypic
variation of XLH seen in humans.

Phenotypic variation on different genetic backgrounds also enables discovery of modifier
genes that suppress or enhance the phenotype resulting from another mutant gene. For
example, the dactylaplasia mutation in the F-box and WD-40 domain protein 4 (Fbxw4P3C)
gene is semi-dominant on the SM/Ckc background on which it arose (Johnson et al. 1995).
Homozygotes die prenatally or around the time of birth. Outcrosses to mice of other strain
backgrounds revealed a modifier gene (/mdac) that controls the severity of expression of the
phenotype and is polymorphic among inbred strains. Homozygosity for the recessive allele
madac conveys the semi-dominant Dac phenotype seen in SM/Ckc mice. Presence of the
dominant Mdac allele ameliorates the severity of the dactylaplasia and allows homozygous
Dac/Dac mice to survive (Johnson et al. 1995). Likewise the curly bare (cub) mutation can
cause two different phenotypes depending on the allelic composition of a modifying gene
(mcub). When homozygous for the recessive allele of mcub, cub/cub mice are hairless.
Presence of at least one copy of the dominant Mcub allele changes the phenotype of cub/cub
mice to a full, curly coat (Johnson et al. 2003).

The analysis of modifier genes or genetic background genes that increase susceptibility to
specific traits often reveals digenic or multigenic systems that provide a means for
identifying interacting genes and molecular pathways. For example, mice of the A/- strains
are more susceptible to cleft lip and cleft palate than mice of other strains. Homozygosity for
mutant alleles of two unlinked genes, cleft lip 1 (¢/fZ), which has been identified as a
mutation in the wingless-type MMTYV integration site 9B (Wnt9b) gene (Juriloff et al. 2006),
and cleft lip 2 (¢/f2) confer this increased susceptibility (Juriloff et al. 2004). The two genes
interact epistatically with each other and with environmental factors such as maternal effects
(Plamondon et al. 2011).

Some modifier genes can totally suppress the phenotypic effect of a major mutant gene.
There are many examples of important mutant phenotypes that would not have been
discovered on the standard C57BL/6 or 129 strain backgrounds typically used for
mutagenesis and genetic engineering in mice for this reason. For example, the severe
cardiomyopathy caused by the thrombocytopenia and cardiomyopathy mutation (Abcg574C)
mutation on the A/J background, where the mutation was discovered, disappears when the
mutation is placed on the C57BL/6J background (Chase et al. 2010). Identification of
suppressive modifier alleles can provide insight into therapeutic approaches for protecting
individuals against disease.

Thus, genetic disorders originally identified as monogenic may turn out to be digenic or
multigenic on further genetic analysis. Analysis of such systems in mouse models has great
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potential to reveal genes modulating the severity of clinical symptoms in orthologous human
disorders (Nadeau 2003, Romeo and McKusick 1994). Table 4 lists a few specific examples
of phenotypic variability depending on modifier genes and genetic background.

Cost-effective source of new mutations—Last but not least, because spontaneous
mutations are the byproducts of normal colony maintenance, their discovery is free. Astute
technicians should watch for deviants in their colonies, not only to discover new
spontaneous mutation models but also for genetic quality control to “clear” their colonies of
such mutations. Although naturally occurring mutations cannot be planned, the alert animal
care or research technician can discover them by careful observation during routine
operations and the astute scientist can rationally exploit such chance observations to create
new research opportunities from something not specifically sought. Now that analysis and
gene identification can be done so rapidly, the cost from discovery to gene identification is
often less than the cost of genetically engineering a mutation.

Challenges of Spontaneous Mutation Analysis

Spontaneous mutations are apparently random and occur at a low mutation rate in most
genes. Estimates of mutation rates in mammals vary widely depending on the ascertainment
method, the types of genes assessed and the calculation method. To our knowledge, the only
estimate for spontaneous mutations causing visible phenotypic deviants (such as small size,
neuromuscular disorders, coat color, coat texture, skeletal anomalies, behavioral
abnormalities, etc.) was based on observation of over 7 million mice in Jackson Laboratory
production mouse colonies in the 1960s (Schlager and Dickie 1971). The average mutation
rate from wild type alleles for specific, mostly coat color loci was estimated at 11 x 107 per
locus per gamete per generation, with different rates for different genes. The rate from
recessive alleles to normal (reversions) was almost 6-fold lower (2.5 x 1076 per locus per
gamete per generation). In large production breeding colonies as at The Jackson Laboratory
and other mouse resource centers, however, even a low mutation rate produces a large
number of mutations. Only those that produce a visible phenotype will be detected. This is
both a challenge and an advantage. Subtle phenotypes or those whose detection requires
specialized screening will not be found by standard, day to day colony observation. Yet, as
noted earlier, the presence of an obvious phenotype frequently identifies mutants that will be
valuable for biomedical research. Discovery of disorders with subtle phenotypes that require
screening for detection can be made economically feasible by increasing the mutation rate
using chemical mutagenesis. Ethylnitrosourea (ENU) is the most effective (Russell et al.
1979, Probst and Justice 2010) chemical mutagen used in vivo. Chemically induced
mutations, which are virtually always single base pair changes, provide many of the same
advantages as spontaneous mutations. During the 1990s, NIH funded several ENU
mutagenesis programs. Unfortunately, many of these programs lost funding prematurely,
perhaps because of the large number of deviant mice produced and the time required for
genetic analysis. Since then many new ENU-induced mouse models have been published
that originated in such programs (Justice 2000, Boles et al. 2009). Moreover, rapid
advancement of high throughput sequencing technologies over the last decade has resulted
in a paradigm shift in the process of mutation identification. The result has been an upsurge
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in interest, not only in ENU mutagenesis, but all forward genetic approaches as practical
means of functional genome annotation.

History of Spontaneous Mutation Discovery and Development

The three largest sources of spontaneous (and induced) mutations in the 201" century were
the Medical Research Council group at Harwell (U.K.), the Oak Ridge National Laboratory
mouse biology program in Oak Ridge, Tennessee (USA) and The Jackson Laboratory in Bar
Harbor, Maine (USA). At each of these institutions the juxtaposition of large mouse
breeding colonies maintained by genetically defined breeding protocols and faculties of
mammalian geneticists provided a unique combination of resources for the discovery and
analysis of spontaneous mutations of biomedical significance. Both Harwell and Oak Ridge
had large radiation and chemical risk assessment programs after World War 11. In an effort
to assess the mutagenicity of these agents, these programs involved the production of large
cohorts of progeny from mice exposed to these agents that were examined carefully for
anomalies. The Jackson Laboratory has historically maintained large production colonies of
mice for the purpose of distribution throughout the scientific community. The identification
of phenotypic deviants is an essential component of a genetic quality assurance program that
functions to remove “deviant” mice with their parents and siblings from the breeding
colonies. Such “phenotypic deviant” breeding units are transferred to Jackson Laboratory
researchers and to external scientists through the Mouse Mutant Resource (MMR), which
has an established program for analyzing and developing spontaneous mutation mouse
models. The MMR at The Jackson Laboratory is an excellent example of the success of
developing mouse disease model strains from single, rare phenotypic deviants bearing
spontaneous mutations. The MMR was first funded by the National Science Foundation in
1959. Since the beginning of NIH funding in 1978, the MMR has developed approximately
700 new spontaneous mutation strains that have been used throughout the research
community for disease modeling and basic biomedical research. A few of the most widely
used strains include Snell's dwarf (Pou1f19%), obese (Lep??), diabetic (Lepr®) and the
mouse model of Duchenne muscular dystrophy (Dmad™).

Protocols for Genetic Analysis — then and Now

The basic approach to analyzing spontaneous mutations remained the same over the last half
of the 20™ century with incremental advances leading to enhanced efficiency in the analysis
of new phenotypic deviants and a reduction in the time required for causative gene
identification. For example, chromosomal markers for genetically mapping new mutations
have evolved from mutant genes detected by visible phenotypes, where only a few
chromosomes could be tested in a single linkage cross, to polymorphic co-dominant markers
- first biochemical, then molecular and finally single nucleotide polymorphisms (SNPs) -
where virtually all chromosomes can be tested in a single cross. The complete sequencing
and improved annotation of the mouse genome dramatically increased the number of
potential mapping markers, and also significantly reduced the time required for mutant gene
identification by providing regional candidate genes. Mutation detection has now
transitioned from the positional cloning method, requiring high-resolution mapping,
laborious physical mapping efforts (to construct contigs of BAC or YAC clones) and Sanger
sequencing of PCR products, to approaches that use low-resolution mapping and high
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throughput sequencing technologies (Arnold et al. 2011) (Boles et al. 2009) (D'Ascenzo et
al. 2009). It now is possible to go from new mutation discovery to gene identification in
under 6 months. In the 10 years prior to 2010, the MMR identified an average of 4-5
causative genes each year. Recently, with the implementation of high throughput sequencing
approaches, that rate has tripled. As an example, the current method for genetic analysis of
new spontaneous mutations in The Jackson Laboratory Mouse Mutant Resource can be
distilled into three areas of effort: heritability analysis, linkage analysis and mutation
identification.

Heritability analysis—As the name implies, heritability analysis of new phenotypic
deviants is focused on ascertainment of phenotype transmission and mode of inheritance. To
accomplish this new deviants are outcrossed to genetically unrelated mice and F1 and F2
progeny are observed for recapitulation of the deviant phenotype. Semi-dominant and
dominant phenotypes will recur in F1 mice and recessive traits will recur among F2
progeny. If available, parents and siblings of deviant mice also are bred with the goal of
propagating the phenotype (if it proves heritable). Recurrence of the phenotype in progeny
from these crosses can also indicate heritability. If the phenotype closely resembles that of a
previously identified mutation, it is tested for allelism by breeding mice that each carry one
of the mutations (known as an allele or complementation test). With the increased efficiency
of molecular linkage mapping strategies, however, it is sometimes more cost effective to
establish linkage prior to testing for allelism. In some cases, allelism can be more efficiently
assessed by direct sequencing of candidate genes rather than by testing for functional
complementation, which may require importation of mutant mice or their reconstitution
from cryopreservation. Some so-called “phenodeviant” traits occur at a low frequency in
some inbred strains and are not heritable as single gene mutations. For example, white head
blazes or belly spots occur in a small proportion of C3H and C57BL/6 mice and
microphthalmia occurs in some C57BL/6 mice.

Linkage analysis—If the mode of inheritance is dominant or semi-dominant, linkage is
established by a backcross, where affected F1 mice are backcrossed to wild type mice of the
parent strain and the resulting backcross mice are used for mapping. If the mode of
inheritance is recessive, linkage is established by an intercross, in which F1 animals are
intercrossed and the resulting F2 animals are used for mapping. Generally, 12-15 affected
and 9-10 unaffected individuals are sufficient to establish chromosomal linkage.
Traditionally, wild-derived inbred strains, such as CAST/EiJ from Mus musculus castaneus,
were used in crosses for establishing linkage and for fine mapping of causative mutations to
small chromosomal regions (<5Mb). This approach maximizes the number of informative
polymorphic mapping markers. If the strain background selected for the heritability outcross
is an inbred strain that is genetically divergent from the strain on which the spontaneous
mutation arose, then this cross also can provide linkage data. The use of divergent strain
backgrounds in mapping crosses can be problematic, however, when the phenotype of
interest is influenced by strain background, as is frequently the case. With the advent of high
throughput sequencing and the complete genome sequencing of a large number of inbred
strain backgrounds (Keane et al. 2011), the use of such divergent strain backgrounds for the
linkage cross is no longer necessary. With the large number of single nucleotide
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polymorphisms (SNPs) generated by high throughput discovery efforts (Frazer et al. 2007,
Kirby et al. 2010,), more closely related strains can be used to establish linkage in the same
cross with a single SNP panel. For example, to take advantage of large litter sizes, the
Mouse Mutant Resource at The Jackson Laboratory now uses FVB/NJ or 129S1/SvimJ
(depending on the coat color of the deviant) for virtually all linkage crosses. Also, over the
last few years, it has become clear that fine mapping is no longer necessary due to the
availability and applicability of high throughput sequencing technologies (Arnold et al.
2011, Boles et al. 2009, Zhang et al. 2009). Nevertheless, knowing the approximate
chromosomal location still makes sequencing more efficient because one can focus sequence
analysis on that chromosome. Also, ENU-induced mutations may require outcrosses because
the original mutant may harbor more than one mutation. Once data analysis technology
becomes as robust as sequencing technology, whole genome sequencing may obviate the
need for linkage mapping (see next section).

Gene identification—The positional cloning approach, which combines knowledge of the
map position of the phenotype with increasingly dense genetic maps and genomic sequence
annotation, was the predominant method for gene identification until early in the 215t
century. Traditionally, fine mapping crosses requiring 100s of progeny were used to map
causative mutations to small intervals (< 5 Mb) containing candidate genes that could then
be considered for molecular analysis. Of course, the candidate gene search changed
dramatically after the mouse genome was sequenced (Waterston et al. 2002) and high
quality gene annotation became available (Blake et al. 2011, Wilming et al. 2008, Pruitt et
al. 2009, Pruitt et al. 2007). Currently, the gene models that result from these annotation
efforts are available through public genome browsers (e.g. UCSC Genome Browser,
Ensembl Genome Browser) and provide the basis for PCR amplification and DNA
sequencing of individual exons of candidate genes, primarily via the Sanger method. In
some cases, especially where causative mutations are not found in coding sequence,
candidate genes also are evaluated by assaying gene expression and cDNA sequences using
RT-PCR and, if necessary, by Southern and northern blot analyses. In all cases, DNA and
RNA from mutant mice are compared with coisogenic littermate controls.

Today, massively parallel sequencing technologies (a.k.a. high throughput sequencing
technologies) have become widely available and are rapidly changing the process by which
causative mutations are discovered (Turner et al. 2009, Arnold et al. 2011, Boles et al. 2009,
D'Ascenzo et al. 2009, Zhang et al. 2009). Indeed, the identification of causative mutations
in the mouse genome in the absence of any linkage data is entirely possible through whole
genome or whole exome re-sequencing; this approach is routinely used to identify potential
causative mutations in human genomes where linkage data are rarely available. In
considering the cost benefit of linkage analysis, the availability of resources for establishing
linkage (i.e. vivarium space and cost) vs. validation burden (i.e. labor for amplification and
sequencing of many candidate mutations across multiple samples) must be weighed
carefully. Establishment of linkage significantly reduces the validation burden at minimal
cost, assuming vivarium space and mice are available (Arnold et al. 2011). In our
experience, linkage to a chromosome reduces validation by at least 20 times in an exome (38
candidate mutations to just one candidate mutation) (Fairfield et al. 2011). If sequencing
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capacity is more readily available than vivarium space, sequencing of an unaffected sibling
or parent can similarly reduce the validation burden.

One limitation to high throughput sequencing for mutation detection lies in the tools
available for data analysis. Currently, the tools available for aligning high throughput
sequencing data back to the reference genome and for subsequent SNV (single nucleotide
variant) and INDEL (insertion/deletions) calling are robust for the detection of single
nucleotide substitutions and small insertions and deletions, where, for example, the size of a
detectable deletion depends heavily on the length of the sequencing reads and the capacity
of the alignment algorithm to tolerate gaps. The tools for detection of larger insertions or
deletions (a.k.a structural variants), molecular events that frequently underlie spontaneous
mutants, are not as well developed and are not yet broadly available to wet bench scientists.
Moreover, the success of these tools depends on the sequencing approach employed (for
example, paired end library construction and the generation of longer reads). If high
throughput sequencing doesn't reveal a likely candidate mutation and a large insertion or
deletion is suspected, comparative genome hybridization is a robust alternative approach for
the detection of structural variants. Regardless, while the rate at which sequence data can be
generated at low cost still outpaces our ability to analyze the data, high throughput sequence
analysis is a rapidly growing field and new algorithms for detection of structural variants are
increasingly available in the scientific literature (Wong et al. 2010). Therefore, full
implementation of high throughput sequencing for the detection of spontaneous mutations of
all types is imminent and with it, significant diminution of the gap between phenotype and
genotype.

Summary and Conclusions

In this paper, we have shown that spontaneous mutations in mice have provided, and
continue to provide, an invaluable resource for analyzing both disease mechanisms and basic
biological systems, and have provided important animal models of human genetic disease.
Furthermore, in the 215t century, improved methods for the forward genetic analysis of
spontaneous mutations will greatly enhance functional genome analysis by increasing the
discovery rate of novel genes and unexpected gene functions. Spontaneous mutations also
continue to provide valuable models of human disorders. The examples we have given in
this paper are only a few of the many spontaneous mutations that have contributed to
important biomedical discoveries since the first decades of the 20™ century. Until the role of
every gene or chromosomal sequence in the human and mouse genomes is known,
spontaneous mutations will continue to contribute to understanding gene function.
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Table 4

Selected examples of genetic background effect on phenotype.
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Others, including C57BL/6J

Gene Mutation Genetic Background Phenotype Citation
ATP-binding cassette, sub-family | thrombocytopenia and Al cardiomyopathy (Chase et al.
G (WHITE), member 1, Abcg5 cardiomyopathy, trac 2010)

no noticeable heart-
related phenotype

F-box and WD-40 domain
protein 4, Fbxw4

Dactylaplasia, Dac,;
modifier of Dac, madac

SM/Cke, LG/Cke, BALB/cJ,
129/)

Heterozygotes: missing
and fused digits,
Homozygotes: pre- or
perinatal lethal, no feet
single digit

Crosses to NZB/BINJ,
DBA/2J, CBA/J. C3H/J,/.
SWR/J

Homozygotes: viable and
fertile, digits less severely
affected

Others, including C57BL/6J

No phenotype

(Johnson et
al. 1995)

Genes not yet identified

Curly bare, cub; modifier

Multiple backgrounds

curly coat or complete

(Johnson et

of cub, mcub hairlessness depending on | al. 2003)
allele of mcubin each
background
ATPase, Ca++ transporting, deaf waddler, dfw Multiple backgrounds Allelic variants of Cah23 | (Noben-
plasma membrane 2, Aw2b2 (mdfw, Ahl) determine Trauth et al.
severity of hearing loss 2003)
G protein-coupled receptor 98, frings, fringsmodifier of due to dfiwmutation and (Johnson et
Gpr98&cadherin 23, Cadh23 dfw, age-related hearing age of age-related hearing | al. 2006)
loss, ahl, loss when dfiv mutations
are not present
leptin receptor, Lepr Diabetic 5J, Leprt-5/ NOD/Lt) This allele of Lepr (Leeetal.
suppresses Type 1 2005)
autoimmune diabetes in
NOD/LtJ mice
transmembrane 67, Tmem67 bilateral polycystic C57BL/6J x C3H/HeJ mixed Polycystic kidney disease, | (Cook et al.
kidney, bpck lethality by 20 days of 2009)

age

C57BL/6J, C3H/Hel)

Prenatal lethality
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