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The Colors of Mice



This book is gratefully dedicated to Elizabeth S. (Tibby) Russell

After spending trillions of dollars to disassemble nature in the last century, we are just now
acknowledging that we have no clue how to continue. . . . Reductionism was the driving
force behind much of the 20th century’s scientific research. To comprehend nature, it tells us,
we first must decipher its components. The assumption is that once we understand the parts
it will be easy to grasp the whole. . . . Therefore, for decades we have been forced to see the
world through its constituents. We have been trained to study atoms and strings to under-
stand the universe, molecules to comprehend life, individual genes to understand complex
human behavior, prophets to see the origins of fads and religions. Now we are close to know-
ing just about everything there is to know about the pieces, but we are as far as we have ever
been from understanding nature as a whole. . . . We have learned that nature is not a well-
designed puzzle with only one way to put it back together. In complex systems, the compon-
ents can fit in so many different ways that it would take billions of years for us to try them all.
Yet nature assembles the pieces with the grace and precision honed over millions of years.

Albert-Laszlo Barabasi
Linked, the New Science of Networks.

No clue? Mathematicians and physicists may have no clue, but pigmentation geneticists pioneered,
at the very beginning of the last century, the use of mouse models, and these little nodes in the inter-
net of life continue to link our reductionist results with the network(s) that is/are biological reality.

White spotted mouse, genotype Mitf™/Mitf™-sP, Photograph by Dr Melanie lhrig
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Preface

Our understanding of genetic control over living processes underwent a revolution with the
hypothesis that one gene encodes one enzyme that performs one function in the cell or in the body.
We now know, of course, that life is not so simple and that the functioning of the whole cell, organ,
or organism is not an additive phenomenon. To function properly, life relies upon sophisticated
interactions among and between molecules, organelles and cells, organs and organisms. At the base
of all these levels of biological function is the genetic code. Between that ladder of nucleotides and
the resulting phenotype, the complexity of the interacting functions of life remains to be fully
explained. Thus, at the same time that the reductionist approach is highly rewarding and is neces-
sary to our understanding of the questions we need to answer, it also imposes conceptual and
methodological limits to understanding of biological function. It is too simplistic to represent the
interactive reality.

Sequencing, mutagenesis, mapping, transfection experiments, and other yet more elegant methods
give us tantalizing and often unexpected information about the regulation of cell function. Such
work in vitro is more and more clearly defining the questions that must be answered to explain, for
example, the functions of the pigment cell. In vitro we demonstrate how the biochemical functions,
and their interactions, can or could occur, but such studies must be balanced by phenotype-driven
genetics if we are to finally determine how they do occur in vivo. For example, with regard to gene
regulation in any specific instance, is it mediated via:

* availability of substrate (turning genes on and off )?
« relative quantities of interacting protein complexes; competition for active sites?
e compartmentalization in space: transport?

Studies in vitro define these questions and many others, and as our technology becomes increas-
ingly elegant, the questions become more focused and sophisticated. However, the final answers
will require the whole living environment with all its unknown interacting processes intact; that is,
animal models. In this respect, the contribution of laboratory mice with coat-color mutations was
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recognized from the first days of genetic analysis at the turn of the last century, and has only
increased over time: dramatically so in the last decade.

But then another problem must be addressed. We cannot answer sophisticated questions in the
absence of strictly defined controls. Animals may differ, one from another, at a multitude of
unknown genetic loci that generate an even greater array of unknown biochemical interactions. To
define the unexplored territories lying between the code of life imprinted in the DNA and the main-
tenance of life itself, we require genetically defined animal models that carry defined mutations in
defined combinations, segregating against an invariable genetic background, so that differences at
each specific gene locus can be evaluated and their functions and interactions compared alone and
in combination with other changes at other loci, against uniform and parallel controls, in vivo. In the
case of pigment mutants, such resources were importantly developed at The Jackson Laboratory
(Green 1966; Lauber 1971; Morse 1978) with the development of the inbred mouse. Inbred mice,
defined as a group of mice that have been brother/sister mated for 20 generations or more, are now
available at several stock centers (see Chapter 7), as are many other specialized mouse models. They
should be utilized. We will save ourselves much unnecessary future work if we use appropriate con-
trols within the experiments that we design today. Appropriate controls include biological as well as
environmental and experimental ones.

The basis of science is an experimental design that can be repeated and tested in other laborato-
ries. To this end it is essential that the experimental animal model be described in detail when
reporting work that includes the use of animals, tissues, or cells. The background genome of these
biological materials, though often omitted from the Materials and methods section of published
reports, may be as important as the specific gene locus and allele under study.

Our purpose is to present an overview of the processes of pigmentation and the ways in which
pigment loci regulate these processes at all the levels of organization of the living organism. We
would prefer to cover the field as fully as Silvers, in 1979, was able to do. However, the area of pig-
ment genetics has grown so rapidly since then that we must for the most part limit ourselves to the
current state of understanding, pointing primarily to reviews and recent papers that will direct the
reader toward their foundations. In so doing, we will unfortunately omit some references to import-
ant work that occurred after Silvers was published. Those authors were our mentors, and we do not
intend to slight their contribution. The most detailed source of information is the Mouse Genome
Informatics database (MGL; www.informatics.jax.org/).

In the Appendix to Chapter 1 we present an index of the mutant loci that are discussed in the text,
as well as Tables A1.1 and A1.2, which list of all the loci (cloned and uncloned) that have been
reported to affect pigmentation. These lists will continue to be updated and will be available
through the International Federation of Pigment Cell Societies (IFPCS) Color Genes initiative,
maintained at the website of the European Society for Pigment Cell Research (ESPCR),
www.espcr.org/ micemut/ (Montoliu et al. 2009).
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Statement regarding the use of pictures

Chestnut Oriental shorthair is the breed of this cat. His color phenotype is nonagouti brown
(known by fanciers as chestnut or chocolate). His color genotype is a/a Tyrp 1%/ Tyrp1°.



STATEMENT REGARDING THE USE OF PICTURES Xi

No, thisis not a picture of a mouse! It is a ‘chestnut Oriental shorthair’ breed of cat, of the genotype
a/a Tyrp1®/ Tyrp1?; that is, to a pigmentation geneticist, Nonagouti Brown.

The pictures in this book serve a somewhat different purpose than pictures in scientific papers.
The pictures in this book, for the most part, are not meant to illustrate some specific reductionist
detail of science expounded in the text, but rather to introduce the reader to the broad array of
phenotypic consequences of change in gene functions.

Both scientists and animal breeders (from their different perspectives) tend to think of the pheno-
type as something like a patchwork representation of the genes (factors) that cause them. In fact,
the genes are at the most basic level of of the pyramid of functions, while the phenotype is nearly the
highest level of organization of the individual organism, with the highest perhaps representing the
survival value of pigmentation within the gene pool.

The phenotype is one of the tools we use to understand gene function. To use that tool effectively
we need a good understanding of the phenotype in its many manifestations. In research papers,
illustrations of phenotypes, if they are present at all, represent the difference between the experi-
mental animal and its otherwise similar control. This is good. However, it doesn’t provide a sense of
the broad range of phenotypes in real life. In the text of this book you will read about the science
of pigmentation genetics; in the pictures you will see it in as many of its varied manifestations
as possible. The pigmentary phenotype of an organism is its appearance; there is no such thing as
‘no phenotype.’



Statement regarding nomenclature

One problem in a book about phenotypes and genotypes is to differentiate between the use of
a word to indicate the gene (Albino) or the appearance (phenotype) of the animal that is mutant at
that locus (albino). To be as clear as possible in this regard, we have attempted to use standard
nomenclature throughout, that is:

» for mouse genes and genotypes: italics, with initial capital for gene symbols and allele symbols
(Lethal spotting, Tyr®);

« for human genotypes: italics, with full capitals for gene symbols (PAX3%4, EDN3);

« for phenotypes in any species: ordinary text (albino, megacolon);

 for protein abbreviations in any species: roman capitals (MITF, TYRP1).

We will use the mouse standard when referring to other nonhuman species.

The most official statement of the rules of nomenclature for mice is available at:

www.informatics.jax.org/mgihome/nomen/gene.shtml#gaas.

In the older genetic terminology, mentioned in parts of this book, gene alleles were given
upper- and lower-case initials which indicated respectively that they were dominant (their effect is
detectable when the other chromosome carries a normal wild-type copy, e.g. E*) or recessive (no
effect detectable when the other copy is wild-type, e.g. p). This nomenclature is now retained as the
superscript part of an allele symbol (Mc1rE%%; Oca2?).

Another convention to note is that a dash, as in A”/—, means ‘any allele’.
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Figure 1.1 Mini Mintzmeat, a brown (chestnut, chocolate) tortoiseshell cat with her
kittens. The cat’s genotype is a/a, b/b, O*/O (or a/a, Tyrp1% Tyrp12, O*/O). The kitten at
the frontis a/a, b/b, Miph""/Miph™, O*/O* (or a/a, Tyrp1°/Tyrp1°, Miph'"/Miph™™, O*/O).
The technical name for the phenotype is nonagouti, brown, leaden (or melanophilin-
deficient). The fancier’s name for the phenotype is often lavender (brown, dilute). The kitten
behind is a/a b/b, O*/Y (or a/a, Tyrp1% Tyrp12, O*/Y); the technical name is nonagouti,
brown and the fancier’s name for the phenotype is often chocolate or chestnut.






Introduction to the Pigmentary System

1.1 Introduction

The colors of mice, horses, dogs, rabbits, humans, and other animals — yellow, black, brown, cream,
orange, chocolate, blue, beige, white — result from mutations in genes that influence some of the
most basic genetically controlled processes of life. These include specification of cell lineage, migra-
tion and homing of specialized cells, tissues, and organs, interactions of cells with surrounding
tissues and their differentiation, and maintenance throughout life. Because defects in pigment cells
are usually not lethal to the organism, pigmentation is an unusually accessible system in which to
study these basic processes of vertebrate life.

In addition to these useful qualities of the pigmentary system, the availability of inbred mice with
genetic defects in pigmentation that can be studied using modern techniques of genetics and cell
biology — and comparative genetics at the level of sequenced genomes — has resulted in an unprece-
dented explosion of information about pigmentation.

The pigmentary system of the inbred laboratory mouse is a uniquely useful model of
phenotype-based genetics, both basic and applied (Lauber 1971; Morse 1978; Barsh 2007). With the
inbred mouse, the sequenced genome, modern technologies, and the pigmentary model we have
the necessary tools to unravel the complex web of interacting genic functions that lead from a
change in a gene through the multiple communicating processes that result in a specific phenotypic
outcome.

Study of pigmentary genetics began, at the turn of the last century, with yellow mice and albino
mice (Cuénot 1902; Castle & Allen 1903; Little 1913a; Wright 1917). A few books serve as landmarks
of the progress of our studies of the genetic control over murine and comparative phenotypes;
prominent among them are Green’s (1966) Biology of the Laboratory Mouse, Searle’s (1968)
Comparative Coat Color Genetics in Mammals, Silvers’ (1979) The Coat Colors of Mice, and Nordlund
etal.’s (2006) The Pigmentary System. See also Foster (1965). More recent technological advances have
given us the tools to take a closer look at the interacting processes that generate specific pigmentary
phenotypes of the mouse, our most valuable genetically controlled animal model (Fig. 1.2).

The Colors of Mice: A Model Genetic Network, 1st edition. By M. Lynn Lamoreux, Véronique Delmas, Lionel Larue, and
Dorothy C. Bennett. Published 2010 by Blackwell Publishing Ltd.
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Figure 1.2 White spotted mouse, red-eyed-white, genotype Mitf™/ Mitf™.

1.2 Colors of vertebrate animals

The function of melanocytes is to deposit melanin pigment within their cell-specific organelles
(melanosomes). In the skin and/or growing hairs (feathers, scales) these melanosomes are often
delivered to neighboring keratinocytes. Pigment cells of the eye arise in situ and retain their
melanosomes; pigment cells of other organs may also retain their melanosomes. The colors of the
native pigment — but not all the phenotypes of mice and other mammals — are red/yellow pheome-
lanin and black or brown eumelanin. Yellow, black, and chocolate brown are the three basic colors
of pigment produced in mammalian melanocytes (see Chapter 4 on melanogenesis and Chapter 5
on pigment-type switching). Additionally, some colors are affected by the blood in the tissues, as for
example in the comb and wattles of chickens, and other colors are influenced primarily by the struc-
tures of skin and hair (Quevedo & Holstein 2006), but most color variables, especially in animals
that are covered with hair or feathers, are created by genetically controlled modification of the
amount and distribution of the three basic colors of melanin pigment and of the melanocytes
themselves (Searle 1968; Silvers 1979).

Pheomelanin is yellow/red melanin pigment found, for example in the hairs of Golden Retriever
and Irish Setter breeds of dogs; yellow mice, rabbits and guinea pigs, orange or red cats, sorrel or
chestnut horses, ‘red’ chickens (Fig. 1.3), brown’ cattle (Fig. 1.4), and the bright red hair of humans
(Little 1957; Searle 1968; Robinson 1971; Bowling & Ruvinsky 2000; Ostrander et al. 2005; Pontius
et al. 2007; Schmutz & Berryere 2007; Barsh 2007; see Chapter 5). Eumelanic pigment is of two
varieties: black eumelanin, as in the hairs of black Labrador Retriever dogs, and brown eumelanin,
as in brown (chocolate) Labrador Retrievers, as well as chestnut Oriental Shorthair cats (see the pic-
ture under Statement regarding the use of pictures at the front of the book), brown mice (Fig. 1.5),
and others.

Some of the phenotypes that we think of as ‘brown’ actually are not brown at the level of pigment
color, and this is also true of ‘red” or ‘yellow.” It’s not always easy to tell the difference visually, and
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Figure 1.3 Pheomelanic chicken, genotype unknown.

Figure 1.4 Pheomelanic calf/cow, Mc1r¢/Mc1r€ (original name e/e); genotype name
Recessive yellow. The common name is ‘red’ or ‘brown’; however, brown is technically
incorrect as Brown s an allele of the black/brown Tyrp1locus (Chapter 4).
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Figure 1.5 Eumelanic mice, one brown, one black; Tyrp 1%/ Tyrp1° (former name b/b),
phenotype brown; Tyrp 15/ Tyrp18 (formerly B/B), phenotype black.

Figure 1.6 Agouti black mouse and nonagouti black mouse; A/A Tyrp18/Tyrp18 (former
name A/A B/B); a/a Tyrp15/ Tyrp18 (former name a/a B/B). The hairs of the agouti mouse
are banded with yellow pigment and nonyellow pigment as determined by the Agoutilocus.
The color of the nonyellow pigment is black, as determined at the black/brown (Tyrp1) locus.

the common names for color phenotypes are not based on science. Sometimes the word brown is
used to describe animals that are pheomelanic, like the cow and calfin Figure 1.4, that may be called
brown or red; sometimes the word brown is used instead of the more accurate term agouti for
phenotypes such as the mouse in Figure 1.6 and the cat in Figure 1.7. Agouti coloration — such as
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Figure 1.7 An Agouti(A/A) cat of the Abyssinian breed. The name of a breed of animal
does not relate to the genetics of its pigmentation.

the wild type in the mouse, rabbit, cat, guinea pig, and squirrel (Fig. 2.5), actually most mammals —
consists of patterns (bands) of eumelanin and pheomelanin within individual hairs. These are
produced by pigment-type switching, with switching between the deposition of eumelanic and
pheomelanic pigment, into the growing hair at different times in its creation, as discussed
in Chapter 5. We will reserve the word ‘brown’ for phenotypes that are based on brown eumelanin.

Mammals may produce eumelanin or pheomelanin in the same or different melanocytes. This
choice is under direct genetic control. In mice, pheomelanin may be produced in the skin of tail and
ears; otherwise pheomelanin is not normally produced outside the hair follicles. Other mammals,
however, do produce pheomelanin in the skin; for example, humans, rabbits, and guinea pigs.

Color of pigment is not the only cause of variability in phenotypes. Banding patterns of hairs have
already been described. Pheomelanin and eumelanin may also be distributed in specific patterns
over the body surface. Normal black (or brown) and yellow color patterns such as those of
tigers and ocelots, black (or brown)-and-tan patterns of mice or dogs (Fig. 1.8), brindle dogs
(Fig. 1.9) and cows (Fig. 5.11), and tabby cats, as well as the agouti pattern of hair banding (Fig. 5.8),
are exquisitely controlled and are caused by pigment-type switching as discussed in Chapter 5.
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-,

Figure 1.8 Black-and-tan dog with white spotting; a/a Tyrp 18/ Tyrp18 (former name a’/a’,
B/B). The specific white-spotting genotype is unknown, but it does not relate to the Agouti
gene locus or the Tyrp1 locus. This is another example of the patterning function of the
Agoutilocus. The Agoutilocus regulates patterns of yellow pheomelanin and nonyellow
eumelanin on individual hairs, as in Figures 1.6 and 1.7, or patterns of pheomelanin and
eumelanin over the surface of the body. The so-called tan portion of the pattern is actually
pheomelanic (yellow) pigment. The black color of the eumelanic portion is determined by
the Black/brownlocus (Kerns et al. 2004).

Pigment-type switching describes the ability of pigment cells to switch between the production
of eumelanin and pheomelanin, under the control of the Agouti (A) and/ or Extension (Mc1r) loci and
modifying genes. The Agouti locus regulates the pattern of distribution of eumelanin and pheome-
lanin on each hair and over the surface of the body. So, agouti is not so much a color as a pattern of
pheomelanogenesis that may or may not occur. That the pigment switch is between eumelanin and
pheomelanin is illustrated, for example, in the Doberman Pinscher dog (or the similarly pigmented
dog in Fig. 1.8). These may display yellow and black pigment patterns, or yellow and brown pat-
terns in chocolate brown (incorrectly named ‘red’) Doberman Pinscher dogs.

Black and brown combinations do not occur. The type of eumelanin pigment, black versus
brown, is genetically determined at birth, by the genotype at the B (Tyrp1, black/brown) locus, and
there is no mechanism for switching between them. Color switching is exclusively a phenomenon
involving eumelanin and pheomelanin.

In the mouse and other mammals, the three basic colors of melanin pigment, and their patterns
of distribution over the body or within individual hairs, are regulated by the Agouti (A), Extension
(Recessive yellow, E, or Mc1r), and black/brown (B or Tyrp1) loci (see Chapter 4).

Two basic types of pigment pattern exist that involve the death of melanocytes or their failure to
differentiate or survive. White spotting is defined as the congenital absence of pigment cells from
portions of the body or from the entire body, and we will use the term progressive graying to
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Figure 1.9 Franny and Bitsy, a white-spotted dog of the Border Collie breed and brindle-
colored Catahoula Hound. Both dogs have white spotting of unknown genotype that is not
associated with the other color genotypes. Both dogs are Black at the Black/brown locus;
therefore, eumelanic areas are black. The brindle phenotype is associated with mutation at
a third locus that regulates the eumelanin/pheomelanin alternative in dogs (the K, Canine
B-defensin 103locus).

describe ongoing loss of melanocytes in mice. Everyone has seen progressive graying with age,
caused by loss or death of pigment cells from the hair follicles. Premature graying or patterned
graying may be termed vitiligo or hypopigmentation; these are discussed in Chapter 3 (see also
Fig. 1.10). Here we will use vitiligo and avoid the term hypopigmentation because it is not specific
to an etiology.

Examples of white spotting include Paint horses, Hereford cattle, white forelock in humans, and
the white areas of white-spotted cats, dogs, and mice, many of which are pictured throughout this
book, especially in Chapter 3. The terms partial albinism and hypopigmentation are sometimes
substituted for white spotting, especially in older publications. However, these are not appropriate
to specifically describe white spotting, because hypopigmentation is a term also applied to albinism,
which is a fundamentally different process. White-spotting and progressive-graying phenotypes
result from pigment cell death or failure to survive, whereas albinism is the failure of deposition of
pigment in living pigment cells, as discussed in Chapter 4.

The final step in cutaneous pigmentation occurs when the pigment cell transfers its
melanosomes into keratinocytes of the adjacent skin, or the keratinocytes of a growing hair or
feather as discussed in Chapter 4. The distribution of melanosomes in hairs is precise, and is an
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(b)

Figure 1.10 Vitiligo; (a) Mitf“%/Mitf™™; (b) Mitf™ i/ Mitf™-°". The Vitiligo mouse has both
white spotting and vitiligo. (a) This mouse is in the process of molting to a lighter color.
(b) The older mouse is shown at the rear.

important component of how we perceive the color. When this pattern of distribution is modified
by mutation, if the change causes the fur coat or feathers to reflect light differently to our eyes, the
animal may appear to be quite a different color. In mammals, the most common example of this
type of genetically controlled color difference is found in the ‘dilute’ phenotypes that are variously
referred to as gray or blue, lavender, or cream (there are yet more names for this phenotype in
various species) colors of cats, dogs, and other mammals (see Fig. 1.11). These may be caused by
mutation at several different loci. We discuss melanosomal transfer briefly below in section 1.8 and
in more detail in Chapter 4.
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Figure 1.11 Mini Mizzle, lavender color, oriental shorthair. Oriental shorthair is the name
of a breed of cat, and is therefore not a color. ‘Lavender’ is a cat fancier’s term for
‘nonagouti, brown, dilute’ Unfortunately, ‘dilute’ is the cat breeder’s term for the mouse
gene known as Leaden (Melanophilin). The mouse Dilute gene identifies the Myobalocus.
The genotype of this cat is a/a Tyrp 1%/ Tyrp1° Miph'/Miph'", which cat fanciers would refer
to as a/a b/b d/d; however, the correct original nomenclature is a/a b/b In/In.

To summarize, the complexity of pigmentation phenotypes results primarily from four basic
processes:

1 development of the melanocyte (Chapter 3);
differentiation of the melanocyte as it generates melanosomes (Chapter 4);

3 regulation of the type of melanin that is deposited upon the melanosome (pheomelanin, black
eumelanin, or brown eumelanin) (Chapter 5);

4 transport of the melanosome within the pigment cell and transfer to the neighboring
keratinocytes (Chapter 4).

These four basic functions are regulated by over 300 gene loci in the laboratory mouse (see
the Appendix to this chapter). In the mouse, any of these genes can be evaluated using natural or
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created mutations against an inbred background genome and using advanced genetic techniques
(see Chapter 6). The mutant mice, or their cells, are usually viable and can be evaluated at every
level of gene function, from transcription to the final mouse phenotype. This makes the pigment
system of mice uniquely valuable to our understanding of basic biological processes, including cell
and tissue communication networks within the developing embryo and the adult body, and specific
medical conditions, including melanoma.

1.3 Other pigment cells

Chromatophores or chromatocytes (colored cells) are general terms for pigment cells, which in
some vertebrates may produce pigments other than melanin. Chromatophores of vertebrates —
fish, amphibians, reptiles, birds, and mammals — provide protection from the environment as well
as adaptive and/ or disruptive coloration, through the colors of their pigments and the movement of
their pigmented organelles (chromatosomes) within the pigment cells (Bagnara & Matsumoto
2006; Logan et al. 2006). The chromatophores of fishes, amphibians, and some reptiles are more
varied in content and function than those of birds and mammals, and generally retain their pigment
rather than transferring it to other cells. Colors of lower vertebrates thus result from the distribu-
tion of dermal and epidermal pigment cells (Lamoreux et al. 2005; Parichy et al. 2006). Fish chro-
matophores are primarily melanophores/melanocytes that produce black or brown melanin
pigment; leucophores (white) and iridophores (shiny silvery colors), both of which use purines to
create their pigments; and the yellow-red xanthophores. The yellow colors of fish xanthophores,
unlike the pheomelanocytes of birds and mammals, are based in pteridine pigments (Ziegler 2003).
Color changes in the dermal melanophores of fishes, amphibians, and reptiles may be rapid and
varied, because the pigment cells can quickly disperse or aggregate their chromatosomes within
the dermal chromatophores in response to neuronal and hormonal controls.

The pigmentation repertoire of mammals and birds is more limited. Mammals and birds do not
have so many types of chromatophores; for the most part, they are limited to epidermal
melanophores. Furthermore, rapid changes in the hair/feather pigmentation pattern of birds and
mammals are not possible, except through behaviors such as the tail flagging of deer or courtship
displays of birds. There are two reasons for this. First, the hairs of mammals (and feathers of birds)
are not living tissue and so cannot change biologically. Secondly, the epidermal melanocytes of
mammals do not normally translocate their melanosomes in response to direct neuronal and
hormonal cues, as do the dermal melanophores of amphibians and fishes. Their primary function is
to transfer melanosomes into neighboring keratinocytes. They accomplish this function slowly,
responding to the environment via the epidermal melanin unit (Klaus 2006; Quevedo & Holstein
2006).

1.4 The epidermal melanin unit

The epidermal melanin unit (also called the EMU) of human skin (Fitzpatrick & Breathnach 1963;
Quevedo & Holstein 2006) is a subunit of epidermal tissue, in humans consisting of a melanocyte
and its 30—40 associated keratinocytes, that together are responsible for the production of
melanosomes, and their subsequent transport, metabolism, and degradation. As they mature, the
melanosomes, which are members of the lysosomal family of organelles, are transferred to adjacent
keratinocytes of a growing hair or, in pigmented skin of humans and some other mammals, to



CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 13

the adjacent keratinocytes of the epidermal melanin unit in the basal layer of the epidermis,
where they are sequestered within lysosomes. Because the epidermis grows continually from the
basal layer, the cells of the epidermal melanin unit are pushed upward, gradually cornified as the
normal protective layer of skin, and then lost/shed as new epidermal tissue replaces them from
below:.

In mice, the outermost protective layer is the hair coat. The transfer of melanosomes from the
pigment cell into the growing hair is precisely controlled in its distribution within the cortex and the
medulla of the hair and differentially according to the type of hair and its location on the body. In
mice, control over the amount, distribution, and color of melanosomes is specific to the age of
mouse, stage of the hair growth cycle, and position on the body (Galbraith 1964).

Mammalian pigment cells are also delivered to the inner ear, iris, choroid, heart, and other
extracutaneous locations (Quevedo & Holstein 2006). The retinal pigment epithelium (see Chapter 3)
is produced in situ.

1.5 Mammalian hair

In mice, overall pigment phenotype is predominantly a reflection of the hair (fur) that covers the
body. Most of the melanocytes are located in the hair rather than in the interfollicular epidermis.
Each hair grows from an epidermal hair follicle (Fig. 1.12). The hair follicle is an ingrowth of the epi-
dermis that pushes deep into the dermis and the hypodermis. The hair follicle, where most of the
activity takes place during a hair growth cycle, consists of the hair bulb, the dermal papilla, and the
bulge area. The dermal papilla pushes up into the root of the hair bulb and provides a blood supply
to the hair bulb cells, which generate the keratinocytes that become cornified as hair. The bulge
area, at least in mice, sequesters melanocyte stem cells between hair cycles. At the beginning of a
hair cycle, melanoblasts (unpigmented melanocyte precursor cells; sometimes called melanocyte

Anagen

Figure 1.12 A mature hair follicle. B indicates the bulge region of the hair follicle and the
gray spot shows where the melanocyte stem cells reside. The horizontal line represents the
level to which the follicle regresses after the growth phase is complete. Diagram courtesy of
Nishimura et al. (2002).
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stem cells in this context) migrate from the bulge area into the hair bulb, around the dermal hair
papilla, where they proliferate, differentiate, and initiate melanogenesis.

1.6 Melanosome biogenesis and translocation

The epidermal melanocyte (Fig. 1.13) is dendritic and contains an abundant endoplasmic reticulum
and active Golgi region where melanosomal proteins are processed before being carried to their
specific locations in stage I, II, III, and the mature stage IV melanosomes, as described in Chapter 4
(Fig. 4.8). Correct processing of the melanosomal proteins and their appropriate transport to the
developing melanosome are necessary for normal pigmentation. Pigmentary defects associated
with processing and transport are discussed in Chapter 4.

The melanosome is a member of the family of lysosome-related organelles that also includes
platelet dense granules, lamellar bodies of type II alveolar epithelial cells, and lytic granules of cyto-
toxic T lymphocytes and natural killer cells. Premelanosomes appear to derive as ‘saccules’ that bud
from the smooth endoplasmic reticulum (Orlow 1995). In eumelanosomes an internal matrix con-
denses from amorphous filamentous material to an organized internal structure. This material is
largely the protein product of the Silver gene locus, as discussed in Chapter 4 (Boissy et al. 2006).

When assembled into a stage II melanosome (lacking pigment) the structure appears in section
as highly organized spirals that apparently represent three-dimensional sheets that are rolled or

Figure 1.13 A eumelanocyte in cell culture.
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pleated to form the basic structure upon which pigment is deposited in later stage melanosomes
(Fig. 4.8). As the melanosome matures beyond stage II to stage III, catalytic enzymes are delivered
to it and initiate deposition of melanin upon and within the matrix of the melanosome until it finally
matures as the fully pigmented, chemically inert stage IV melanosome. In the living cell, the cata-
lytic enzymes are active only briefly in the controlled environment of the melanosome, when they
are needed for pigment deposition. During other stages of the cycle, their locations and functions
are controlled tightly by other molecules in the pigment cell, as discussed in Chapter 4. Stage IV
melanosomes are transported to the periphery of the melanocyte and transferred to keratinocytes
as discussed in Chapter 4 (Scott 2007; Byers 2006).

1.7 Melanin

Melanogenesis occurs within the melanosome. Failure of melanogenesis results in albinism. The
substrate molecule required for initiation of melanogenesis, tyrosine, is found in all cells; it is not a
limiting factor. The enzyme tyrosinase is normally the rate-limiting factor, and is sufficient to cata-
lyze melanogenesis in vitro. The biochemical pathway is relatively simple, as shown in Figure 1.14.
To prevent premature activity of tyrosinase in vivo, the cell maintains tight control over its process-
ing and routing to the melanosome, as described in Chapter 4. Genetic defects in tyrosinase itself,
encoded at the Albino or Color (Tyr, ¢) locus, constitute one class of albinism. Other causes of
albinism most often relate to the loci involved with processing and routing. As mentioned, mam-
mals are able to produce two chemically distinct types of melanin pigment: (1) black or brown
eumelanin and (2) pheomelanin in shades ranging from yellow to red (Chapter 4; Brilliant 2006;
Hearing 2006; Oetting & Setaluri 2006; Solano & Garcia-Borrén 2006; Figure 1.15).

Pheomelanosomes differ from eumelanosomes in structure, as well as color and the chemical
nature of the pigment (Ito & Wakamatsu 2006; Sarna & Swartz 2006). These differences result at
least in part from the switching off of several of the gene loci that are responsible for the production
of eumelanosomes, as discussed in Chapter 5, pigment-type switching (and see Barsh 2006), and
probably also in the availability of cysteine substrate.

1.8 Hair growth

As melanosomes mature, they are carried to the outer perimeter of the pigment cell and normally
are transferred into neighboring keratinocytes of the growing hair or feathers in mammals
(described in Chapter 4) or birds, and within the skin of humans. In the hair follicle, melanogenesis
occurs during the growth of a new hair. During anagen, the first stage of hair follicle development,
which lasts about 17 days in mice, the hair follicle extends deeper into and below the dermis, while
melanocytes in the bulb area of the follicle (Figure 1.12) transfer melanosomes into the growing
hair. Catagen, which lasts about a day, is a transitional second stage of the cycle, after the hair is fully
grown, when a basal club is formed that anchors the hair in the upper part of the hair follicle.
Telogen is the resting stage between cycles of hair growth. The length of telogen varies between a
month and several months, depending upon the age of the mouse and other factors such as genet-
ics, nutrition, or damage to the hair.

During the anagen or growth stage of the hair follicle, keratinocytes flow upward in the hair shaft
from the lower hair bulb where they are generated, while melanocytes in the upper hair bulb
synthesize melanosomes and deposit them from their long dendritic processes into the living
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Figure 1.14 (a) The melanogenic pathway functions in the pigment granule (pathway
simplified from Ito & Wakamatsu 2008; reproduced with permission of Wiley-Blackwell).
Enzymes are shown in boxes. The rate-limiting enzyme is tyrosinase; mutation at the Tyr
(Albino) locus reduces the amount of melanin that the pigment cell can make. In nonagouti
mice that are otherwise wild type at pigment loci, mutation of the gene that encodes
dopachrome tautomerase (DCT) results in slaty mice (below left, the one on the lower right
is Slaty, that is, mutant at Dct). Mutation of the gene with 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) oxidase activity ( Tyrp1) results in brown mice (b, rear) (see also Chapter 4).
The mouse on the left in this picture is wild type. Pheomelanogenesis is primarily regulated
by a cell-surface receptor (MC1R) and its ligand, melanocyte-stimulating hormone (MSH),
that control whether or not the cell will make yellow pigment. Pheomelanogenesis is
epistatic to eumelanogenesis. The two pheomelanic mice (c) are (front) Recessive yellow,
in which the MC1R is mutant, and (back) Lethal yellow, in which the Agoutilocus that
encodes MSH is mutant (see also Chapter 5).

keratinocytes. The hairs become pigmented in an exquisitely reproducible fashion that reflects
the genotype of the mouse, type of hair, and its location on the body. The resulting hair consists of
variations on the theme of medullary segments, within which the melanosomes are arranged in a
ladder-like formation, surrounded by a cortex in which the melanosomes are more or less evenly
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Figure 1.15 Pheomelanic cat (known by some as ‘red’ and others as ‘orange’ and even
others as ‘marmalade’). Notice that the darker markings on this yellow cat are
pheomelanic, whereas the darker markings on the agouti cat in Figure 1.7 are eumelanic.

distributed (Montagna & Ellis 1958; Searle 1968; Quevedo & Holstein 2006). By the time the hair
emerges from the shaft of the hair follicle, the keratinocytes are pigmented, cornified, nonliving
appendages to the skin.

1.9 Hair growth cycles

In mice, new hairs replace the old in more or less predictable cycles of growth. The first hairs begin
to grow around the time of birth. After the first coat has grown, hair growth cycles can be induced
artificially by plucking or shaving. Normally, the second cycle of hair growth begins at about 7-9
weeks of age. Thereafter, cycles of hair growth occur every few months. It may take about 2 weeks
to fully replace the coat of hair. The process begins at the head of the mouse and proceeds caudad as
a wave of new growth. During this time a continually changing pattern of pigmentation is usually
more or less obvious, depending upon how much the newer hairs differ in appearance from the old.

Natural molt patterns may be caused by age-related genetic changes in the new hairs, or simple
wear and tear of the old. In some mutant phenotypes or strain backgrounds, it is normal for
pigmentation to change with age, sometimes resulting in rather dramatic molt patterns, especially
at first molt (for example, Lamoreux & Galbraith 1986, and Fig. 5.4). Even if there are no devel-
opmental differences, the black or brown hairs can become rusty-looking with age, presumably
because of the bleaching effect of saliva through grooming, and urine in the cage, so that a mouse in
the middle of a hair cycle may have a pattern of shiny black or brown new hairs that contrast with
the rusty-looking hairs, farther back on the body, that are yet to be shed. Similar patterns can be
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created artificially by injection (during the hair growth cycle) of substances that alter pigment
phenotype (Chapter 5). The artificially created pattern will be maintained until the subsequent
natural molt, when the mouse returns to its genetically determined phenotype. Patterns created by
hair growth cycles are secondary to the hair cycle itself. Therefore, strictly speaking, they are not
primarily the result of action of ‘pigmentary genes,” but are nevertheless important to interpreta-
tion of pigmentary genetics for a couple of reasons. First, it is important to recognize the difference
between phenotypes that are under direct genetic control, and those such as the hair cycle patterns
that may not be directly relevant. Second, the hair cycle pattern of mice illustrates the need to be aware
of differences between the physiology of humans and of mice that must be taken into consideration
when interpreting data. The molt cycle of mice differs significantly from the condition in humans.

1.10 Embryonic development of the pigment cell lineage

Development has no beginning, and we hope it will have no end, technology notwithstanding. For
an individual organism, development begins with the zygote, product of the fusion of a haploid
sperm with an egg that carries a haploid set of chromosomes plus the extensive egg cytoplasm that
is rich in nutrients and proteins. These proteins, encoded in the genome of the mother, make pos-
sible the maturation of offspring by providing enzymes and cellular biochemical structures that
support development, from organizing the zygote to mitotic cell divisions and the early steps
of cleavage, with the formation of the primary germ layers.

The pigment cell lineage of melanoblasts that mature into melanocytes arises after these earliest
events, during the transient emergence of the neural crest as described in Chapter 3. The odyssey of
neural-crest-derived pigment cells begins when neural-crest cells delaminate from the dorsolateral
portion of the neural tube, in the mouse just before or as the neural tube closes. Melanoblasts
(immature pigment cells) migrate, while replicating rapidly, along complex pathways. In mice, as
the hair follicles develop concurrently with pigment-cell migration, the melanoblasts home to the
follicles, leaving the interfollicular areas nearly devoid of pigment cells. Some melanoblasts then
enter the bulge area of the follicle and others differentiate in the bulb region to pigment the growing
hair as described above. Melanoblasts also migrate through the head and to the nose, eyes, ears, and
even the heart following equally specific migratory pathways. The retinal pigment epithelium (see
Chapter 3) is exceptional because it is not neural-crest-derived, but is induced directly in the neural
tube.

1.11 Pigment cells in culture

Pigment cells of course develop normally in the tissue environment, not in cell culture, and there
are differences between the cell culture requirements and biochemical properties of mouse and
human melanocytes. Additionally, the mature pigment system of mice differs somewhat from the
human pigment system in vivo, as do some of its functions and associated functional genetics
(Sundberg 1994; Green 1966; Boissy et al. 2006; Montoliu et al. 2009). Therefore, it is wise to fully
define the genetics of biological materials, human or murine, and to use caution when attributing
results across species or genomic lines. That said, the unparalleled availability of murine pig-
mentary tissues and melanocytes that are inbred and genetically controlled provides a powerful
tool for dissecting the basic mechanisms of melanogenesis at all levels, from the cell to the
organism (Nordlund et al. 2006). Comparative mammalian genetics, especially at the molecular and
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phenotypic levels, has become highly sophisticated; information from the human and other species
is informing mouse studies, and vice versa.

1.12 Conclusion

The remarkably choreographed accomplishments that result in development and differentiation of
pigment phenotypes are made possible by an intricate web of tissue interactions and cellular signal-
ing pathways that direct the functions of the pigment cells at every level of organization from the
gene to the whole organism. Through chemical messages received from the environment and re-
cognized by its own information-processing pathways, the pigment cell regulates the genes that
direct the necessary cellular processes. Because pigment cells are easily observed, and their absence
is not lethal, the pigment phenotypes provide an unparalleled model for the study of cellular com-
munications and interacting signaling pathways as they function to bring about observable pheno-
types summarized above. With the genomes of several species now sequenced, and others rapidly
joining the databases, we are in a position to evaluate the pigmentary system using reductionist,
phenotypic, and comparative methods in parallel.

-
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Figure 1.16 Two dogs that are mutant at different loci influencing the choice between
eumelanic and pheomelanic pigmentation (discussed in Chapter 5). The dog to the rear
(but leading the pack) is a chimeric mix of eumelanic and pheomelanic pigmentation
resulting from mutation at the K (Canine -defensin 103) locus. In this case the eumelanin/
pheomelanin switch is regulated via the keratinocytes. See also Figure 5.13 for a better
view of the pattern. The dog in the foreground is mutant at the Agouti (A) locus that
regulates the eumelanin/pheomelanin switch over the body and on each hair via the
genotype of the mesoderm. Other loci that influence the switch are listed in the Appendix
of this chapter, and in Chapter 5. Photograph courtesy of TheOneCreation.
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Appendix: color loci of the mouse
Introduction

This appendix lists all of the loci that have been reported to contribute to pigmentation to date. For
further information and updates we refer you to:

e the Mouse Genome Informatics (MGI) database maintained by The Jackson Laboratory (JAX),
www.informatics. jax.org/;

e the International Federation of Pigment Cell Societies (IFPCS) Color Genes initiative,
www.espcr.org/ micemut/, maintained by the European Society for Pigment Cell Research
(ESPCR) (Montoliu et al. 2009).

Specific (mostly classical) mutant loci are discussed throughout the book in the context of their con-
tribution to phenotype. These sections can be identified in the text because they have headings that
look like the one shown here (e.g. see Chapter 4), and they are listed below in alphabetical order by
locus name.

Silver (Si, Pmel17, Gp100)
MGl lists one spontaneous phenotypic allele
Availability: JAX, CMMR, MMRRC

In such headings, ‘Availability’ refers to the facilities where various resources (mice, frozen
embryos, etc.) are available. We use abbreviations for the facilities, and these are listed below.
Besides the main ones (JAX, HAR, ORNL, MMRRC), quite a few other centers that have prolifer-
ated internationally with the availability of modern genetic technology (see Chapter 6). These are
listed in full by the International Mouse Strain Resource (IMSR), sponsored by the MGI:
www.findmice.org/fetch?page=imsrStrainRepositories.

CARD Center for Animal Resources and Development
CEG Consortium for Functional Glycomics
CMMR Canadian Mouse Mutant Repository
EMMA European Mouse Mutant Archive

HAR Mammalian Genetics Unit, Harwell

JAX The Jackson Laboratory

KOMP Repository  Knockout Mouse Repository

MMRRC Mutant Mouse Regional Resource Centers
ORNL Oak Ridge National Laboratories

RBRC RIKEN BioResource Center

TAC Taconic

TIGM Texas A&M Institute for Genomic Medicine

Following is an index to the specific mutant loci, listed by phenotype-based name, that are discussed
in the text of this book.
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Index of mutant loci discussed in text

Agouti (A, Nonagouti, a)

Albino (C, Tyr, Tyrosinase)

Ashen (Ash, Rab27a, RAS oncogene family member RAB27A)

Beige (Bg, Lyst, Lysosomal trafficking regulator)

Belted (Bt, Adamts20, A disintegrin-like and metallopeptidase
(reprolysin type) with thrombospondin type 1 motif, 20)

Buff (Bf, Vps33a, Vacuolar protein sorting 33a)

Cappuccino (Cno)

Chocolate (Cht, Rab38, RAS oncogene #38)

Cocoa (Coa, Hps3, Hermansky—Pudlak syndrome 3 homolog)

Dilute (D, Myo5a, Myosin Va)

Dilute suppressor (Dsu, Melanoregulin, Mreg)

Dominant black (K, CBD103, Canine -defensin 103)

Dominant megacolon (Dom, Sox10, SRY-related box 10)

Faded (Fe)

Gpnmb (Glycoprotein transmembrane NMB)

Gunmetal (Gm, Rabggta, Rab geranylgeranyl transferase, o subunit)

Kit (c-Kit, W, Dominant white spotting)

Leaden (Ln, Mlph, Melanophilin)

Lethal spotting (Ls, Edn3, Endothelin 3)

Light ear (Le, Hps4, Hermansky—Pudlak syndrome 4 homolog)

London gray (Lgr)

Mahogany (Mg, Atrn, Attractin)

Mahoganoid (Md, Mgrn1, Mahogunin ring finger 1)

Microphthalmia (Mi, Mitf, Microphthalmia-associated transcription factor)

Mocha (Mh, Ap3d, Adaptor-related protein complex 3, delta subunit)
Mottled, Mosaic, Pewter, Atp7a (ATPase, Cu**-transporting,
o polypeptide, MNK, Menkes protein)
Muted (Mu, Txndcs, Thioredoxin domain containing 5)
Ocular albinism 1 (Oal, Gpr143, G protein-coupled receptor 143)
Pale ear (Ep, Hps1, Hermansky—Pudlak syndrome 1 homolog)
Pallid (Pa, Pallidin, Pldn)
Patch (Ph)
Patchwork (Pwk)
Pearl (Pe, Ap3b1, Adaptor-related protein complex 3, B1 subunit)
Piebald (S, Ednrb, Endothelin receptor type B)
Pink-eyed dilution (P, Ocaz, Oculocutaneous albinism type II)
Pro-opiomelanocortin (POMC)
Recessive yellow (E, Extension, Mc1r, Melanocortin 1 receptor)
Reduced pigmentation (Rp, Bloc1s3; Biogenesis of lysosome-related
organelles complex-1, subunit 3; Blos3)
Ruby-eye (Ru, Hps6, Hermansky—Pudlak syndrome 6 homolog)
Ruby-eye 2 (Ru-2, Hpss, Hermansky—Pudlak syndrome 5 homolog)
Rump white (Rw; not Rumpwhite)
Sandy (Sdy, Dtnbp1, Dystrobrevin-binding protein 1, Dysbindin, Hps7)

Chapter 5, page 197
Chapter 4, page 146
Chapter 4, page 175
Chapter 4, page 170
Chapter 3, page 122

Chapter 4, page 165
Chapter 4, page 166
Chapter 4, page 165
Chapter 4, page 168
Chapter 4, page 175
Chapter 4, page 175
Chapter 5, page 204

Chapter 3, page 93
Chapter 4, page 162
Chapter 4, page 146
Chapter 4, page 171

Chapter 3, pages 98 and 118

Chapter 4, page 175
Chapter 3, page 102
Chapter 4, page 169
Chapter 4, page 162
Chapter 5, page 203
Chapter 5, page 203

Chapter 3, page 94
Chapter 4, page 163
Chapter 4, page 154

Chapter 4, page 168
Chapter 4, page 153
Chapter 4, page169
Chapter 4, page 168
Chapter 3, page 118
Chapter 3, page 126
Chapter 4, page 164
Chapter 3, page 102
Chapter 4, page 156
Chapter 5, page 202
Chapter 5, page 194
Chapter 4, page 168

Chapter 4, page 169
Chapter 4, page 169
Chapter 3, page 118
Chapter 4, page 168
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Silver (Si, Pmel17, Gp87) Chapter 4, page 140

Slaty (Slt, Dct, Dopachrome tautomerase, formerly Trp2, Chapter 4, page 152
Tyrosinase-related protein 2)

Splotch (Sp, Pax3, Paired box gene 3) Chapter 3, page 91

Steel (SI, Kitl, Kit ligand, SLF, Steel factor; MGF, Mast cell growth factor; Chapter 3, page 100
SCF, Stem cell factor)

Subtle gray (Sut, Slc7a11) Chapter 5, page 204

Tyrp1 (Brown, B, Tyrp1, Tyrosinase-related protein 1) Chapter 4, page 150

Underwhite (Uw, Matp, Membrane-associated transporter protein, Chapter 4, page 158

Slc45a2, Solute carrier family 45, member 2)
Cloned and uncloned loci

Table Al.1 shows a summary of the cloned mouse color genes and Table A1.2 gives a summary of
the uncloned mouse color genes.
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 47

Figure 1.17 Studs Terkel, Mahonia, and Postdoc (left to right). Terk may have a mutation
at the Silverlocus (see Chapter 4). Mahonia is pheomelanic, often known as chestnut or
sorrel (probable genotype Mc1ré/Mc1r€). Postdoc is the horse equivalent of wild type,
known as bay or brown, depending on the amount of eumelanic pigment. Note that the
mane, tail, and legs are eumelanic, and the pheomelanic pigmentation on the body varies
from bright red/yellow to dark and nearly eumelanic, in response to modifying genes.






Part Il
The Pigmentary Loci

Figure 2.1 Merle Australian Shepherd dog illustrates a mutation involving the Silver gene
locus (Chapter 4). This dog is heterozygous. The mutation is caused by a transposable
element and affects skin and eyes.






Introduction to Mutant Pigmentary Genes

In Part IT we discuss the basic processes that are impacted by mutations in the murine pigmentary
system, focusing on the classical pigmentary mutations and the genic loci that are involved with
regulation of these processes. These generally fall into four major categories: (1) white spotting
and progressive graying (cellular development and survival); (2) melanosomal defects and albinism
(cellular differentiation); (3) melanosomal transport in the pigment cell and transfer to keratino-
cytes; and (4) pigment-type switching. These four are briefly outlined below and discussed in the
following chapters. See Tables Al.1 and Al.2 in the Chapter 1 Appendix for lists of the mutant
loci that affect pigmentation.

2.1 Defects of normal melanocyte development: white spotting and
graying with age

White spotting and progressive graying are terms used here to describe any situation in which the
skin or hair lacks viable melanocytes (pigment cells). In white spotting, the defect is evident at birth;
in progressive graying (or vitiligo in humans), the organism is born pigmented and the melanocytes
later disappear progressively. In either case, affected animals may be completely unpigmented,
although usually they are not. Albino animals are not included in this category because the
melanocytes of albino animals are viable, whereas white-spotted animals lack melanocytes in
the affected areas. Albino mammals lack pigment because of defective melanogenesis (synthesis
of melanin pigment, which is discussed below). We will not use the term piebald as a synonym
for white spotting, because Piebald is the name of a specific murine white-spotting locus, the
Ednrb locus (Fig. 2.2), which encodes endothelin receptor B. The Piebald locus is one of many
loci that are required to support melanocyte survival. Mutation at any of these loci might cause
white spotting.

Normal development of melanocytes (pigment cells) progresses in a continuum of increasingly
restricted cell fates, beginning approximately at mid-gestation in mice, and includes the following
processes:

The Colors of Mice: A Model Genetic Network, 1st edition. By M. Lynn Lamoreux, Véronique Delmas, Lionel Larue, and
Dorothy C. Bennett. Published 2010 by Blackwell Publishing Ltd.
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Figure 2.2 This Piebald mouse (JU/CtLm-Ednrb® Ednrb*) illlustrates white spotting.

 specification of pluripotent neural-tube cells to the neural-crest lineage and then to the pigment-
cell lineage;

 epithelial-mesenchymal transition of neural-crest cells to melanoblasts;

 proliferation of melanoblasts and migration across the face of the somites;

* migration of melanoblasts through the mesenchyme and across the basement layer of the
epidermis;

* homing of melanoblasts to final sites of differentiation in the hair follicles, ears, and heart;

» establishment (in the case of the hair follicle) of a population of pluripotent stem cells and
differentiation of melanocytes in the hair bulb to form the first generation of melanocytes;

» maintenance or replacement of differentiated melanocytes throughout life.

The genic loci that are known to be involved in the above processes are listed in Tables A1.1 and
A1.2 in the Chapter 1 Appendix. The classical white spotting loci are discussed in Chapter 3 in the
context of their contribution to our understanding of the development of the pigmentary system.

2.2 Defects in normal melanosome development: albinism

Once established in the skin and hair follicles of mice, at about the time of birth, murine pigment
cells begin to differentiate to produce pigmented organelles (melanosomes) that the cell can
control, move about, and deliver to growing hairs or transfer to other types of cells, most often
keratinocytes. The melanosome is a melanocyte-specific, membrane-bound organelle of the
lysosomal family of organelles. It is composed of pigmentary proteins that function primarily in a
structural role, and other proteins whose most important contribution to pigmentation is
enzymatic. The processes required in the construction of a normal melanosome include:

e the origin as a membrane-bound multi-vesicular body that separates from the endoplasmic
reticulum,;



CHAPTER 2 INTRODUCTION TO MUTANT PIGMENTARY GENES 53

Figure 2.3 Mice mutant at the Tyrosinase (Albino) locus (Chapter 4). C57BL/6J-Tyrc"/
Tyrc" (Himalayan) (left). C57BL/6J- Tyrc¢/ Tyrc¢ (Extreme dilution) (right).

 the production of the proteins that will be important to creating the melanosome:
e structural proteins such assilver,
 enzymessuch as tyrosinase (Fig. 2.3), tyrosinase-related protein 1, and dopachrome tautomerase,
 proteins involved in processing melanosomal proteins, such as underwhite,
 proteins involved in routing the melanosomal proteins to the developing melanosome, such

as the BLOC proteins;

o the assembly of the melanosome;

e ultimately, the relatively simpler process of melanogenesis, depositing the melanin pigment upon
and within the maturing melanosome.

The genic loci that are known to be involved in the above processes are listed in Tables Al.1 and
A1.2 in the Chapter 1 Appendix. The classical loci that are involved in generating the melanosome
are discussed in Chapter 4 in the context of their contribution to our understanding of pigment-cell
differentiation.

2.3 Transport of melanosomes to other cells: the ‘dilute’ phenotype

When assembly of the melanosomes is complete in the murine hair follicle, or as assembly
progresses, the melanosomes are transported within the cytoplasm to the tips of the dendritic
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Figure 2.4 Dilute mouse and nondilute mouse illustrate the phenotype that results from
failure of normal melanosome transport and insertion into the growing hair (Chapter 4).

processes of the pigment cell, from which they are deposited into the keratinocytes of the epidermis
or the growing hair, as described in Chapter 4. Failure of this process in the melanocyte results in
mice of a characteristic phenotype that is commonly referred to as the ‘dilute’ phenotype (after
which the Dilute locus is named; Fig. 2.4). The basis for the phenotype is abnormal transport of
melanosomes from the melanocyte into the keratinocytes so that they arrive in clumps and blobs,
or entire melanocytes, as well as in the normal finely granular uniformity. The result is a character-
istic grayish or beigey appearance (depending upon the color of the pigment) that results from
abnormal scattering of the light reflected from the hair coat of “dilute” animals. Several other loci of
the mouse mimic or influence this ‘dilute’ phenotype, and their study has clarified the processes
involved in organelle transport. The genic loci that are known to be involved in these processes are
listed in Tables A1.1 and A1.2 in the Chapter 1 Appendix. The classical loci involved are discussed in
Chapter 4 in the context of their contribution to our understanding of melanosome transport.

2.4 Pigment-type switching: from eumelanogenesis to pheomelanogenesis

The melanocyte is capable of producing two major types of melanin pigment within the
melanosome: eumelanin is dark black or brown; pheomelanin is variously referred to as red, yellow,
or orange, depending upon species, and in mice is referred to as yellow. Apparently, the cell does not
make both types of pigment at the same time, but it can rapidly switch from one to the other in
mid-melanosome. Pigment-type switching, from eumelanin to pheomelanin and the reverse, is a
complicated process in which several proteins must be upregulated to produce eumelanin or
downregulated to produce pheomelanin as described in Chapter 5. The wild-type phenotype of
the mouse is agouti. Agouti colored animals have hairs that are banded with patterns of eumelanic
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Figure 2.5 This agouti ground squirrel is presumably A/A but this is not known. Agouti
involves pigment-type switching from eumelanin to pheomelanin, as discussed in Chapter 5.

and pheomelanic pigmentation (Fig. 2.5). This patterning is tightly controlled within individual hair
follicles (Galbraith 1964) as yellow or nonyellow portions. The majority of dorsal hairs of the Agouti
mouse are normally tipped with eumelanin, banded below the tip with pheomelanin, and then have
eumelanin to the base of the hair. Most often the intensity of pigmentation decreases gradually near
the base of the hair. The Agouti locus also controls spatial patterns, as in a Black-and-tan mouse or
dog, for example.

Complex control over this type of pigment patterning is exerted over time and space by what has
often been referred to as the ‘eumelanin/pheomelanin switch mechanism.” In the mouse, primary
control over this switch is exerted by the Agouti (also known as nonagouti, A) locus that encodes a
ligand (ASP, agouti signaling protein) to the cell-surface receptor melanocortin 1 receptor (MCIR),
encoded at the Mcirlocus, also known as Recessive yellow or Extension. In mice, these loci together
determine which of the two major types of melanin pigment will be manufactured by the pigment
cell. Several other loci contribute to the so-called switch mechanism, including Mahogany and
Mahoganoid. An additional yellow/nonyellow locus has been described in dogs and cattle. The
identified loci that function in the switch mechanism are listed in Tables A1.1 and Al.2 in the
Chapter 1 Appendix. Genic interactions among classical pigmentary loci, as they contribute to
the yellow/nonyellow switch mechanism, are discussed in Chapter 5.
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Figure 2.6 Pheomelanic calves are shown in the front row. The two cows at the back

are brindle in phenotype, although it is difficult to see because of the way the photograph
is taken. They are eumelanic and pheomelanic in stripes as is shown more clearly in
Figure 5.11. The three calves in front are pheomelanic, the various shades of color caused
by other segregating genes, one of which is the Silver mutation from the Charolais breed
that is discussed in Chapter 4. Photograph courtesy of Britten Farms.



3
White Spotting and Progressive Graying

Figure 3.1 White spotted mouse genotype Mitf™-/Mitf ™™,

The goal of this chapter is to describe the developmental journey of murine pigment cells as they
generate normal pigmentation. The chapter is organized into five sections reflecting the biological
history of pigmentation, each at a different level of organization, together describing the pigmen-
tary phenotypes.

» Section 3.1 gives definitions of white spotting and vitiligo, plus some general background.
e Section 3.2 outlines the timeline of development of pigmentation, with an overview of the
relevant developmental anatomy and physiology of the embryo.

The Colors of Mice: A Model Genetic Network, 1st edition. By M. Lynn Lamoreux, Véronique Delmas, Lionel Larue, and
Dorothy C. Bennett. Published 2010 by Blackwell Publishing Ltd.
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 Section 3.3 gives an overview of molecular signaling events relevant to the development of the
pigment-cell lineage.

 Section 3.4 describes the pigment phenotypes and the classical white-spotting genes, with a time-
line of development of the murine pigmentary phenotype. Gene functions during embryogenesis
are also discussed. This section uses the above information to describe the processes set in motion
by pigmentary genes, and describe their effects upon the pigmentary phenotype.

 Section 3.5 looks at specific cases in the head, heart, ears, and eyes.

Sections 3.2 and 3.3 describe processes that regulate and/or are regulated by pigmentary genes, and
as such they define the intermediate steps between gene functions and their phenotypic manifesta-
tions. Readers who are fluent in development and/or cell biology of pigment cells will probably
prefer to skip directly from section 3.1 to section 3.4.

3.1 Definitions and general background

White spotting, vitiligo, and progressive graying are phenotypes that result from pigment-cell
death or failure to develop. Thus, in studying these phenotypes we learn about the developmental
processes required for pigment-cell development. Developmental failure may involve any process
required for renewal or survival of the pigment-cell lineage, from its origin in the neural crest, to
differentiation of the pigment cell at its final destination. It may be studied at any level of organiza-
tion, from the gross phenotype to its molecular genetic cause.

In this chapter we provide a general overview of the processes that are necessary for normal pigment-
cell development. We begin by describing the phenotypes, follow with a look at pigment-cell genesis
at the tissue/cellular level of developmental biology, and then provide an overview of intra- and
intercellular mechanisms of communication that may function in pigment-cell survival. Finally, we
attempt to explain the relationships among these interacting factors and their expression in the
organismal phenotype, as they are regulated by the functions of the major white-spotting gene loci.

3.1.1 Background

To recap on the discussion in Chapter 1, melanocytes of mammals are specialized cells that produce
melanin-based pigment and are responsible for coloration of the eye, skin, and hair of mammals.
The majority of melanocytes are found in the epidermis of the skin, the hair follicles, the inner ear,
retinal pigment epithelium (or RPE), and choroidal layer of the eye. Vertebrate melanocytes are
derived from two embryonic origins. Those in the RPE arise from the optic cups, being induced
from the neural tube by the overlying ectoderm, whereas those in the integument, inner ear, and
choroid are derived from neural-crest cells that arise in the closing neural tube and migrate exten-
sively through the embryonic tissues to reach their final locations.

Melanoblasts are precursors of melanocytes that are specified but not yet pigmented. They
develop from the neural-crest cells of the developing mouse embryo. The neural-crest cells are a
pluripotent population of ectoderm-derived cells that originate around the site and time of dorsal
neural-tube closure, migrate along defined pathways within the embryonic tissues, and differentiate
into numerous cell types, including melanocytes of the pigment-cell lineage and the neurons and
glia of the peripheral nervous system. The processes of cell lineage restriction and the paths of cell
migration are regulated by a network of environmental influences, intercellular interactions, and
intrinsic factors. Defects in the migration, survival, or differentiation of pigment cells results in
white spotting and/ or vitiligo/ progressive graying.
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Figure 3.2 Piebald/piebald lethal, white-spotted mice (EdnrbS/ Ednrbs’). One (left) is
Recessive yellow (Mc1ré/Mc1r€) (Chapter 5). The other is not (Mc1rf/Mc1ré).

3.1.2 White spotting defined

White spotting is defined as the congenital absence of viable melanocytes from some or all of the
areas where they are normally present. In the mouse, pigment cells are normally found in the hair
follicles, skin, eyes, inner ear, and Harderian glands, and in the heart. In general, white spotting is
the result of the failure of pigment cells to survive at some stage, from their origin in the neural
crest until they accomplish their final differentiated fate. White spotting in mice and humans is
sometimes referred to as hypopigmentation, or piebaldism. We will avoid the former term in this
context, because it is not specific to the absence of viable melanocytes. White spotting differs from
albinism (Chapter 4), which can also be considered hypopigmentation. In albinism, the absence or
reduction of pigment results from inability of the viable melanocytes to make normal pigment.
Similarly, we will avoid the term piebaldism because piebald is the classical name of only one
(S, Ednrb; see Fig. 3.2) of the numerous gene loci that can determine white spotting.

In general, congenital, inherited white spotting results from defect(s) in one or more of multiple
gene loci whose function is required for the establishment and maintenance of the melanocyte
lineage from its origin in the neural crest until birth. Therefore, and because absence of pigment is
not lethal to the organism, white spotting is very useful in studying these processes, both within the
pigment cells themselves and in their interactions with other cell types.

3.1.3 Vitiligo defined

Whereas white spotting is congenital, vitiligo is a progressive condition that arises after birth, and
is defined by some as the progressive loss of viable melanocytes with age and by others as the
acquired, patchy loss of pigment from interfollicular skin, with the hair follicles sometimes also
involved. Progression is often limited; in humans, regression sometimes occurs. Vitiligo is a medical
term; therefore it is based in human phenotypes (see Chapter 30 of Nordlund et al. 2006).
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In the case of vitiligo, the human phenotype differs from that of the mouse in ways that make
direct comparisons difficult and suggest that different processes may sometimes be involved. In
human skin, at birth, most of the visible melanocytes are located on the basement membrane of the
epidermis. From here they transfer melanosomes into the surrounding keratinocytes of skin. Mice
do not demonstrate patchy loss of melanocytes from the interfollicular epidermis because in mice,
after about 1 week of age, most of the differentiated melanocytes are located in the bulb of the hair
follicles, where they transfer melanosomes into the keratinocytes of the growing hairs (see Chapter
1). Therefore, the progressive loss of melanocytes in mice is normally seen as progressive graying of
the hairs that is expressed at each successive molt.

Furthermore, in humans, the skin —rather than the hair —is the primary organ of surface protec-
tion; replacement of pigment in the basal layer of the epidermis is a continual process, and hairs are
replaced as they are lost. In mice, the hair coat, rather than skin itself, provides the outer barrier
between animal and environment, and replacement is not continual. Mice molt their hairs on a
more or less regular schedule and in wave patterns over their bodies. During each molt, the pigment
cells that reside at the root of the hair are replaced by progeny of stem cells that reside in the niche or
bulge area of the follicle. If the new hairs contain fewer pigment cells, or are of a different color or
shade, then the anterior—posterior wave of hair replacement creates shifting coat color patterns.
These are not homologous to human pigment patterns (Figs 3.3 and 3.4).

Another problem in identifying vitiligo in the mouse is that human vitiligo is multifactorial; that
is, most cases of human vitiligo involve the participation of more than one gene locus, thus more
than one primary genetic process, in addition to environmental influences. One of the advantages
of inbred mice is that we can control variability at unknown loci; a disadvantage may arise when we
need variability to identify multifactorial phenotypes. Perhaps mice might exhibit a human-like

Figure 3.3 Two genetically co-isogenic mice heterozygous for two alleles at the Mitf
locus (C57BL/6J-Mitf ™ Vit Mitf™-o"). These are characterized by both white spotting
(congenital absence of pigment cells from the white areas) and progressive loss of
pigmentation in the pigmented areas during successive molt cycles. The mouse in front has
his initial hair coat, and is less than 3 months old, while the mouse behind has molted three
times and is more than a year old.
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Figure 3.4 Another ‘vitiligo’ mouse of the genotype C57BL/6J-Mitf™ it/ Mitf ™. This
mouse is in the midst of her first molt cycle. She already has her new coat on the head and
is in process of losing the older one from the back part of her body.

“vitiligo” phenotype if we had the appropriate combination of mutations. We simply don’t know.
Thus, the human model (Spritz 2007), the pig model (Tissot et al. 1993), which has skin more
similar to human skin, and the well-studied chicken model (Wang & Erf2004) have become the best
models for human vitiligo. Nonetheless, the mouse, largely because of the availability of inbred
strains and modern techniques of genetic manipulation (see Chapter 6), remains the most broadly
useful model for understanding basic principles of pigment-cell survival.

Many people reserve the term vitiligo for phenotypes similar to those in humans that involve the
postnatal expansion of defined white spots. Others, especially in earlier literature, use the term
vitiligo more generally to include non-localized depigmentation of follicular melanocytes; that is,
progressive graying. Progressive graying is caused by loss of viable melanocytes from the hair fol-
licles, and is characteristic of several mutants of mice, including Silver (Si), some Microphthalmia-locus
combinations (see for example Figs 3.3 and 3.4), and some genotypes at the Brown (Tyrp1) and Slaty
(Det) loci. Thus, in the literature, we have two somewhat different applications of the same term,
vitiligo. Therefore, we will use the term progressive graying, and apply it to questions of why and
how viable pigment cells are found primarily in the hair follicles of mice and why and how they are,
in some genotypes, lost from the hair follicles during successive molt cycles. These defects often
relate to the maintenance of melanocyte stem cells in the bulge region of the hair follicle (see
section 3.4.7).

3.1.4 Research applications
White-spotting phenotypes in the whole organism may result from defects in:

» specification of pluripotent neural-tube cells to the pigment-cell lineage;

» epithelial-mesenchymal transition (EMT) of neural tube to neural-crest cells;

 proliferation of the neural-crest cells/ melanoblasts and their migration through the mesenchyme
and across the basement membrane of the epidermis;

o cell survival;

* homing, in mice, predominantly to the hair follicle;

» establishment of a population of stem cells in the bulge area of the hair follicle;

« differentiation of melanocytes.
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After birth, progressive graying helps us to understand maintenance of stem cells and repopulation
of the hair follicle with functional melanocytes during each successive molt.

All of our questions about white spotting and vitiligo relate to the viability of pigment cells and
the cells from which they originate in the neural crest. By definition, the classical white-spotting
genes and the graying genes represent gene loci (and functions) that are specifically necessary for
survival and development of the pigment-cell lineage. However, white-spotting genes and progressive-
graying genes are often required also for development of tissues other than pigment cells. That is,
white-spotting and progressive-graying genes are often pleiotropic; pleiotropy is defined here as the
phenotypic impact upon several tissues or organs as a result of mutation at one locus, and of course
it results from expression of the locus in more than one type of cell, tissue, or organ, or interaction
with other gene products so expressed. Therefore, white spotting and progressive graying are
useful for studying these other tissue types. The pleiotropic effects of the Kit (W, Dominant white
spotting) locus, for example, have been especially useful in evaluating gene function in red blood cells,
mast cells, and germ cells. Another example is Mitf (Mi, Microphthalmia, Microphthalmia-associated
transcription factor), encoding a transcription factor with functions that are necessary at different
times for normal development of eyes, ears, mast cells, bone marrow stem cells, osteoclasts, and
germ cells. These two loci alone impact eight major tissue types. Many or most of the other white-
spotting gene loci similarly influence the development of more than one tissue or organ type.
Therefore, various white-spotting loci have been used as viable models to inform many or most of
the other developing systems of the body (Searle 1968; Silvers 1979; Nordlund et al. 2006).

White spotting and progressive graying also illustrate the most active points of integration and
communication, via the interactions among the biochemical regulatory pathways, between the
pigment system and other systems of the body. During their remarkable developmental journey
from the neural crest to the skin and hair follicles, the pigment cells are continuously surrounded by
other sorts of tissues with which they must communicate. Genetic defects that interfere with any
necessary process or interaction may result in congenital absence of pigment cells from all or part of
the mouse — that is, white spotting — or their postnatal loss in progressive graying. Thus, combined
with the availability of congenic inbred strains and the fact that most pigmentary mutations are not
lethal, these characteristics of pigment-cell development make white spotting a uniquely useful
model of specific gene functions and of genic interactions during development, and an elegant method
of confirming or rejecting the applicability to living systems of findings in vitro (see Chapter 6).

These sorts of relationships are now being pursued beyond physiological genetics (Silvers 1979)
to the biochemical and molecular levels, as will be discussed for specific loci in Chapter 4. The goal
of this chapter is to present an overview of the processes that are necessary to achieve the normal
distribution of viable pigment cells in the mouse, as we currently understand them, using informa-
tion gained from mice with the classical mutations that affect pigment-cell survival and development,
and occasionally from newer mouse mutants and other species such as chickens, fish, and domestic
pets and livestock.

3.2 Pigment-cell development: developmental biology

A discussion of melanocyte viability must begin with the life history of melanocytes and the neural-
crest cells from which melanoblasts and many other cell types are embryonically derived (Fig. 3.5).
The neural crest derives from the dorsal part of the neural tube in the early embryo (Box 3.1).
The neural crest represents an evolutionary advance unique to vertebrates (Huang & Saint-Jeannet
2004) and gives rise to a wide variety of tissues. Structures derived, at least in part, from neural crest
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Figure 3.5 Photograph of 13.5-day embryo that has been stained to show the migrating
pigment cells. This is a transgenic mouse that has a LacZ structural gene attached to the
promoter of Dct. Dct is a melanogenic enzyme and is expressed throughout the life of the
pigment cell. LacZ is an enzyme that causes the blue pigment to form when provided with
its substrate. The superficial punctate stained cells are pigment cells. The brain and some
nerves also stain blue.

include: conotruncal structures of the heart, as well as diverse skeletal and connective-tissue
structures of the head that have been deemed mesectodermal in origin; the peripheral and enteric
nervous systems and their interfaces with the central nervous system and the endocrine system;
and the melanogenic tissues of the body, including probably all melanocytes except the RPE. It is
because of its complexity that abnormal development of the neural crest and its derivatives can
have such widespread medical consequences, referred to as neurocristopathies (Bolande 1997), that
include Waardenburg-Shah syndrome (white spotting with aganglionic megacolon), frontonasal
dysplasia (multiple craniofacial defects), DiGeorge syndrome (craniofacial and heart defects), and
others.

The neural tube is formed as the neural plate rolls itself into a hollow tube in the process called
neurulation (Box 3.1a—c). To form this tube, the lateral edges of the neural plate push upward,
beginning centrally and proceeding anteriorly and posteriorly, as bilateral neural folds. The neural
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Box 3.1 Melanoblast development in the mouse, showing expression of some key genes

Surface Neural ~ Presumptive Neural plate, ectoderm:
(a) =Day 8 ectoderm  plate neural crest BMP, NOTCH/DLL, WNTs
Paraxial mesoderm:
FGF, WNTs
NCC:
PAX3, ZIC1
Endoderm )
Dorsal Notochordal Paraxial |—|z200 tm
aorta plate mesoderm
Surface Neuroepithelium  Presumptive
ectoderm neural crest
(b) =Day 8.5
Paraxial
mesoderm
forming NCC:

somite PAX3, SOX9/10,

SNAI2, AP2, FOXD3

e

~200 Lm

Intermediate
mesoderm

Presumptive
neural crest
(c) =Day 9 Ectoderm Neural tube

Notochord

Diagrams apart from (f) show sections through the cervical end of the trunk region of a
mouse embryo, at successive stages of development, with emphasis on neural crest and
melanoblasts. Boxes indicate sites and times of expression of some key color genes —
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Specified
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regulators and markers — as discussed in the text (Sections 3.2 and 3.4). Sources of infor-
mation on anatomy and cell locations: Erickson and Weston (1983), Kaufman (1992),
Wehrle-Haller and Weston (1995), and Wilson et al. (2004). Sources for gene expression: see
Section 3.4. For definitions of abbreviations see the Figure 3.9 legend.
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folds consist of the raised edges of the embryonic neural plate, along with the adjacent ectoderm,
which bilaterally push upward, forming an elongated peak of tissue, the neural fold. The neural folds
on the right and left sides of the embryo continue to move toward each other and fuse together over
the midline, converting the original neural plate into a hollow tube overlaid by ectoderm (eventually
epidermis). The original neural plate becomes the neural tube; the lateral (outer) sides of the neural
fold become the covering of surface ectoderm (Box 3.1c). Thus, the surface ectoderm and the neu-
ral plate are brought close together, initiating inductive interactions and leaving, on either side of the
neural tube, a wedge-shaped empty area (empty of cells) known as the migration staging area (MSA)
(Box 3.1d). At the same time that the neural folds are rising to meet each other, somites are forming
from the paraxial mesoderm (the tissue underlying the ectoderm just lateral to the notochord). In
the mouse, neural-crest cells arise initially from parts of the neural plate margin and unfused neural
folds in the head, and later from the dorsal parts of the fused neural tube in the head and trunk
(Nichols 1981; Erickson & Weston 1983; Wilson et al. 2004). They delaminate into the MSA.

Neurulation occurs in a wave from the future neck area toward both ends of the embryo. In the
rostral portions (head end) of the embryo, the neural tube is already well formed before the process
begins in the caudal (tail) end.

The derivatives of neural-crest cells vary in different rostral-caudal regions of the embryo (Le
Douarin & Kalcheim 1999; Trainor & Krumlauf 2001). For example, only cranial neural crest gives
rise to cartilage, while sensory neurons and glia are trunk-specific neural-crest derivatives, those in the
head coming from different placodes or outgrowths. The rostral to caudal regions of the neural crest
are: cephalic (to somite 8), truncal (somites 8-28), and lumbosacral (somites 28 onward). A cardiac
region has been described at the anterior portion of the truncal region that gives rise to neural-crest
cells that migrate to the heart and take part in its development, some of which differentiate into
melanocytes (Kirby et al. 1983; Mjaatvedt et al. 2005). Neural-crest cells in different parts of the body
differentiate into a wide variety of tissues in addition to pigment cells (Le Douarin et al. 2004).

The pigment-cell lineage is generated over the whole length of the neural tube, but we will focus
on its development in the trunk, the area between the forelimbs and the hind limbs, which is best
understood. Other pigment-related manifestations of neural-crest cells, in the head, eyes, ears, and
heart pathways of melanoblast migration will be briefly discussed at the end of this chapter, along
with the RPE which derives directly from the neural tube.

3.2.1 Specification of neural-crest cells

Specification is the process by which embryonic cells become functionally different from each other
(Davidson 1990; Kimmel et al. 1991) as they mature toward their differentiated fate. Cellular differ-
entiation is the production of different cell types in a multicellular organism. When one cell type is
differentiating from its precursor, specification is the beginning of that process, and can be defined
by the first detectable change (molecular or biological) that is characteristic of the development of that
cell type. Itis important to emphasize that specification does not necessarily imply irreversible commit-
ment to the change; however, it is generally believed that embryonic precursor cells undergo cell-
fate restrictions before they overtly express cell-type-specific phenotypes (Henion & Weston 1997).

Specification of the neural-crest cells occurs in Mus (but not identically in every species) just
before or just as the neural-tube fusion takes place. Data from birds and amphibians suggest that the
adjacent paraxial mesoderm also participates in the induction and specification of pre-migratory
neural-crest cells in the dorsolateral portion of the forming neural tube (Huang & Saint-Jeannet
2004). Specification involves the expression of dorsal neural-tube markers (Dickinson et al. 1995;
Yanfeng et al. 2003; Sakai et al. 2006) consisting of molecules such asNOTCH/DELTA, WNT1 and 3a,
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SLUG/SNAIL (SNAI1/SNAI2) and bone morphogenetic protein (BMP) and its inhibitors including
NOGGIN (Thomas & Erickson 2008). There are species-specific differences in this process. In mice,
the process begins before the mid-dorsal fusion of the left and right neural ‘crests’ (Kulesa et al. 2004).
From this early population of pre-migratory neural-crest cells, the neural-crest cells delaminate
and migrate into the MSA and then along specific pathways into and through the mesenchymal
tissues of the embryo (Box 3.1). The earliest biochemical markers of migratory melanoblasts are
KIT and microphthalmia-related transcription factor (MITF). Cells expressing KIT appear at about
day 9 (Wehrle-Haller & Weston 1995; Opdecamp et al. 1997; Baxter & Pavan 2003; Wilson et al.
2004) at the midbrain/hindbrain junction of the embryonic neural tube, from where they migrate
subsequently into the head region. The specification of neural-crest cells continues caudally, but not
necessarily uniformly or in precise sequence, over the course of about 24 h (Dickinson et al. 1995).

3.2.2 Delamination

Upon specification, the neural-crest cells transform rapidly. They change morphologically from the
phenotype of an ectodermal tissue to that of individual migrating cells. Interactively, they change
their ability to respond to chemical messages: cytokines, ligands, and growth factor molecules that
are present in the surrounding extracellular fluid and on neighboring cells (Dupin & Le Douarin
2003; Moore & Larue 2004; Kalcheim & Burstyn-Cohen 2005). The neural-crest cells delaminate,
bilaterally, from the internal wedge of the merging neural folds, or from the dorsal portion of the
newly formed neural tube (Box 3.1). They emerge from this tissue into the adjacent acellular space
asindividual migratory neural-crest cells. The process of delamination is an example of EMT, which
involves loss of cell-cell adhesions (Erickson & Reedy 1998; Thiery 2003; Harris & Erickson 2007).
During the EMT, the delaminating cells lose their tight relationship with other cells within the
neural tube, coincident with loss of expression of N-cadherin (Pla et al. 2001; Bolés et al. 2002) and
other changes in their cellular communications, and become separated neural-crest cells with
the ability to migrate. In the truncal region, the delaminating neural-crest cells consist of rapidly
replicating, cells that migrate along strictly defined pathways.

In vitro clonal analysis, in which single crest cells were isolated by limiting dilution, has demon-
strated that the initial neural-crest population contains pluripotent precursors, as well as precursors
that generate a limited range of derivatives and nearly 50% of apparently committed precursors that
give rise to a single cell type (Henion & Weston 1997; Sieber-Blum and Cohen 1980; Baroffio et al.
1988, 1991; Sieber-Blum 1989; Dupin et al. 1990; Ito and Sieber-Blum 1991; Sextier-Sainte-Claire
Deville et al. 1992; Stemple and Anderson 1992).

3.2.3 Migration and differentiation

Cranial neural crest gives rise to craniofacial cartilage and connective tissue (participating in struc-
turing the unique vertebrate head), to ganglia, and to cells of the melanocyte lineage. The latter
migrate rostrally and to the ears and eyes (Baxter & Pavan 2003; Wilson et al. 2004) in a pattern that
is illustrated by the pigmentation patterns of mammals that are mosaics of two viable pigment
types, such as the cat in Figure 3.6. Mosaicism is discussed in Secton 3.4.

Beginning at the level of the midbrain/hindbrain of the 9-day mouse embryo, the neural crest
produces cells of the pigment lineage, as well as dorsal root ganglia, sympathetic ganglia, and
adrenal medulla (Luo et al. 2003). In the trunk, the neural-crest cells of all these lineages migrate
first into the MSA (Erickson et al. 1992; Wehrle-Haller & Weston 1995). In transverse section, the
MSA is a triangular space flanked by the neural tube, the surface ectoderm and the somite. The cells
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Figure 3.6 Blue-cream (‘dilute’) tortoiseshell cat. This cat is white spotted around the
neck where pigment cells are absent. Additionally, she is a tortoiseshell as a result of
Lyonization. Lyonization is chimerism that is caused by heterozygosity for genes that are
located on the X chromosome. In this case, the cat is heterozygous for the Yellow (Orange)
allele at the X-linked locus that determines whether or not the pigment will be yellow. One
or other of the X chromosomes is inactivated at an early developmental stage in female
mammals, generating chimerism. In this case, the cat is chimeric for yellow and nonyellow
clones of pigment cells (Section 3.3). At the same time, all of the pigmented areas are
affected by mutation at the Melanophilin locus that influences melanosome transport
(Chapter 4) and results in a ‘dilute’ phenotype. In sum, her genotype is O*/O at the X-linked
Orange ( Yellow) locus, Miph"/Mlph" (homozygous mutant at the Melanophilin locus that
cat fanciers refer to as Dilute, an autosomal locus that affects all pigment cells), and white
spotted of unknown genetic origin.

proceed, migrating and replicating, along their appropriate pathways (Box 3.1). The migratory
pathways of the neural-crest cells are defined by biochemical characteristics that may inhibit or
attract the migrating cells. (Dorsky et al. 2000; Krull 2001; Harris & Erickson 2007). The neural-crest
cells that first emerge migrate ventrolaterally through the MSA, then through the rostral sclero-
tome of each somite, establishing the segmental nature of the sympathetic ganglia to which they
give rise. The later, ventromedial, migration of neural-crest cells proceeds through the MSA and
then ventrally, internal to the somite, along the lateral surface of the neural tube (Erickson & Goins
1995; Wehrle-Haller et al. 2001). These cells then participate in the formation of dorsal root ganglia
and Schwann cells. Finally, neural-crest cells of the pigment-cell lineage emerge from the neural
crest into the MSA and proceed laterally, over the top edge of the forming somite and down its
lateral surface, beneath the ectoderm.

Some prospective glial and neuronal cells of the trunk region migrate ventrally and then proceed
caudally along the developing gut, directed by the substrate through which they migrate, the
population pressure of replicating cells, and the availability of a nurturing environment. Somewhat
later in the developmental process, the enteric neural-crest cells from more caudal regions of the
embryo also migrate to the caudal end of the gut, and then proceed in a rostral direction. In this
way, in the normal mouse, the gut is fully populated by neural-crest cells when the two streams
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meet somewhere along the forming colon. These neural-crest cells differentiate into glia and
neurons of the enteric nervous system, and the innervation of the gut is accomplished.

Neural-crest cells from the vagal region migrate along a specific cardiac pathway to the develop-
ing heart where they can be found in the valves and septa.

By the time specified melanoblasts arrive at the MSA, they are expressing a cell-surface receptor
protein known as KIT, encoded at the Kit (W, Dominant white spotting) locus. Melanoblasts are
defined as specified but unpigmented precursors of melanocytes, and specification is defined by the
sustainable expression of KIT and/or MITE KIT is absent from other neural-crest cell-derived
lineages. Neural-crest cell-derived melanoblasts of the trunk region first arise at the rostral and
caudal portions of the trunk, and very soon thereafter in the mid portions (Wilson et al. 2004; Baxter
etal. 2004). This sequence of appearance of specified melanoblasts is reminiscent of that observed in
medaka, zebrafish, and birds (Dupin & Le Douarin 2003; Lamoreux et al. 2005) and correlates with
what is otherwise the curious phenotypic observation that adult white-spotted mice (and other
vertebrates; Figs 3.7 and 3.8) consistently exhibit a higher probability of pigmented hair across the
shoulders and hips, and on the head, than on the mid-trunk (Schaible 1969).

Clonal descendants of these first truncal melanoblasts then migrate laterally, over the top of the
adjacent developing somite and then laterally and ventrally, tight against its external surface,
replicating rapidly as they migrate so as to fill all the available surface areas (which are successively
becoming dermamyotome, then dermatome) in normal mice.

As the melanoblasts begin to fill the available surface area of the somites, the dermatome frag-
ments into mesenchyme or dermis, through which the melanoblasts next migrate peripherally, to
and into the basal layer of the overlying ectoderm, which is becoming epidermis. Movement into
the dorsolateral ectoderm occurs mainly from embryonic days 12-14 (Mayer 1973b). As these areas
are occupied, and after birth, the melanoblasts move toward and into the developing hair follicles. In
mice, most of the melanoblasts then leave the interfollicular epidermis and come to reside in the
hair follicles, where some remain as stem cells in their niche in the bulge region and others go on to
differentiate in the bulb of the hair follicle beginning at about the time of birth. After birth, the stem
cells replenish newly developing follicles through successive molt cycles.

Some investigators define development as ending at birth, followed by homeostasis; others
include the entire cycle of life as a process of development. Either way, the classical theories of
developmental biology center around two major concepts of cellular descent and/or development.
First is the common origin of diverse cell types from the same precursor cell types; for example,
development of the glial lineage and the neuronal lineage from the same precursor neural-crest cells
as described above. Second are the functional interactions (crosstalk) between cells of the same or
different lineage; for example, induction of one tissue type by another, as happens when the skin
ectoderm induces formation of the first pre-migratory neural-crest cells within the neural tube.

Two extreme hypothetical developmental models, both of which are well supported by data,
parallel the concepts, respectively, of relationship by lineage and of induction by crosstalk between
cells or tissues and their environments. As applied to development of neural-crest cells, the first
model implies preprogramming: ‘in the sense that particular neural-crest subpopulations acquire a
fate bias before leaving the dorsal neural tube. This bias confers unique, cell-autonomous migra-
tory properties on that particular subpopulation and allows those cells to access defined paths
within the embryo’ (Harris & Erickson 2007). The second model proposes that multipotent neural-
crest cells respond to elements of their environment by progressive lineage restriction, and suggests
that their final colonization of a particular niche and their differentiation within the niche is depend-
ent on the instructions provided by that niche. Both these models are well discussed and refer-
enced in Harris and Erickson (2007). These hypotheses have been tested from the beginnings of
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Figure 3.7 A white-spotted cat.

developmental genetics studies using mouse, chicken, and amphibian models, and more recently
zebrafish, medaka, and other model systems. In the mouse, such studies form a strong foundation
of the 1979 ‘bible’ of mouse pigmentary genetics written by W.K. Silvers, The Coat Colors of Mice. In
the 30 years since this book’s publication developmental biology has gained access to additional
elegant biochemical and molecular technologies, genetic manipulation techniques (Chapter 6), and
the genomes of several vertebrate species. Thus the question of nature/nurture is now being
studied actively at the level of cell biology and molecular interactions. As our understanding of the
processes expands, it becomes increasingly difficult to argue that either preprogramming or the
cell'sinteraction with its environment is the primary method of genetic control over developmental
processes, including the development of pigment cells, although of course one of them may be
primary to one specific step in development.

In part, such either/or questions are artificial, and arise from the limitations of the scientific
method, which requires the elimination of variables that appear to be irrelevant to the specific
question being asked. It is difficult to ask two questions at the same time, and it is not possible to
obtain scientifically valid data unless variables are controlled tightly and wisely. In other words,
the scientific method itself biases results toward linear hypotheses. It has become clear, however,
that developmental processes are not linear. They are the result of multiple preprogrammed and
environmental cues, often imposed concurrently upon the target cell or tissue, and sometimes
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Figure 3.8 A white-spotted dog.

reciprocal. Thus, the power of the scientific method also imposes limitations to evaluation of
the data, a fact that sometimes confounds our understanding of development as a fluid, evolving,
interacting, self-regulating whole, in principle rather like an ecosystem. The answer to how this is
accomplished lies in the flow of information within the system. Development of the embryo
requires the constant flow of information through a network that consists primarily of biochemical
signaling pathways and other biochemical interactions that transmit information within cells and
between and among cells and tissues. The next section provides a summary overview of the rela-
tionship between pigment-cell development and cellular communications.

3.3 Cellular signaling pathways for melanocytes

By definition, the classical white-spotting genes and the graying genes represent gene loci (and
functions) that are specifically necessary to survival and development of the pigment-cell lineage.
At the same time, these genes do not function in a vacuum; they cohabit and interact with other genes
that are not classical white-spotting genes but are necessary to and supportive of the functions of the
white-spotting and graying genes in ensuring the survival of the pigment-cell lineage. Thus white-
spotting and graying phenotypes, in addition to defining the loci necessary for survival of pigment
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cells, also provide information about the interface of communication between the pigment-cell
lineage itself and the environment upon which it depends for survival. In Section 3.4 we will discuss
the white-spotting genes themselves, and their roles in development of the mouse phenotype.

In this section we will describe the web of cellular information transfer that is known to be required
for the pigmentary genes to function, and specifically gene loci for which there is evidence that they
influence pigmentary phenotype. This topic lies at the intersection where molecular and cellular
biology (which are not our primary topics) meet the study of murine pigmentary phenotypes.
Because of the rapid development of our understanding of cell biology, this section of the book will
become quickly outdated. Nevertheless, it is important here to recognize the complexity of the
background network of biochemical information pathways that is necessary for the pigmentary
genes to function.

At the cell biology level, we see a few differences in neural-crest cell development among the
classes of vertebrates. Embryonic development of birds, fishes, mammals, etc. sometimes utilize
the same inter- and intracellular communications pathways to create quite different phenotypic
results. These differences are not relevant to this study of mouse pigmentation, except to point out
that white spotting in the inbred mouse may also be a useful model to study the ways in which the
same biochemical pathways may be used differently — perhaps with timing differences or network-
ing differences — to bring about differences in species and classes of vertebrates; that is, evolution.

3.3.1 Basic mechanisms of cellular signaling

The lipid cell membrane imposes a potential barrier to communication between the liquid interior
of the cell and the extracellular fluids, as well as an opportunity for the cell to regulate traffic across
the membrane. Thus the cell membrane contains a battery of receptors and facilitators that control
cell signaling across the membrane. As a broad generalization, two types of signal are transmitted
across the cell membrane:

1 substances such as nitrous oxide and lipid-soluble molecules, including some hormones, that are
able to cross the membranes unaided;

2 transduced signals from water-soluble molecules, including peptide hormones such as
melanocyte-stimulating hormone (MSH), as well as cytokines, chemokines, and growth factors
that cannot cross the membrane on their own.

In cellular biology, transduction refers to any process by which a cell converts one kind of signal or
stimulus into another. This is most often accomplished by an ordered series of biochemical reac-
tions that begins with a signaling molecule (the ligand) outside the cell that is recognized by and
binds to a receptor floating in the lipid membrane of the cell. When the ligand binds to the receptor,
the biochemical ‘message’ is activated inside the cell as a series of chemical reactions in the cyto-
plasm that is often also communicated to the nucleus. The general goal of this information flow is
often or usually to turn genes on or off in the nucleus. In development, the specific object of this
process is often to turn on (or off ) a transcription factor that will then direct the functions of other
genes as they must adapt or react to the local tissue environments as they follow the general
program of development of the organism.

In the developing embryo, the focal point of this interface, where the environment is able to or
not to influence the ‘programming’ of the cell by transducing a stimulus into the cell, is most often
the cell-surface receptor. Cell-surface receptors are specific proteins that are transcribed from genes
within the nucleus of the responsive cell, usually modified in the cytoplasm, and then delivered to
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the lipid surface membrane of the cell, where they remain as long as needed to do their function.
Their function is to recognize their specific chemical message molecule, or ligand. A ligand is an
effector molecule that can bind reversibly to a specific site on a target protein receptor.

Cell-surface receptor molecules or complexes that are embedded in the cell membrane consist of
three basic structural subunits that relate to different functions: the receptor site is exposed to the
extracellular fluids outside the cell and available to bind its specific ligand; the mid portion of the
receptor floats in the lipid membrane of the cell, keeping the receptor properly located/oriented;
and the effector site is exposed to the cytoplasm inside the cell membrane. The effector site is asso-
ciated with a signaling pathway in the cell. Receptor sites are specific to their ligands; effector sites
are specific to the signaling pathways they activate. Thus, a specific receptor-ligand complex trans-
duces information into a cell by identifying a specific molecule on the outside of the cell and activat-
ing it. This in turn activates the effector site inside the cell which usually results in a cascade of
biochemical interactions inside the cell. If a cell lacks the specific receptor protein for detection of a
particular stimulus (ligand), then the cell can be said to be ‘blind” to the stimulus. It cannot respond.
So, it could be said that the cell ‘decides” to which stimuli it is willing to respond by generating the
appropriate receptor. It does this by activating the gene that encodes the receptor molecule.

Often, the biochemical message generated by a ligand-receptor complex is transduced through a
series of biochemical reactions from the receptor through the cytoplasm and then into the nucleus.
Along the way, the message can be influenced by conditions (the biochemical milieu or crosstalk
from other signaling cascades) inside the cell. As an example of how such a pathway can cause a cell
to change or evolve, receptor-ligand binding could result in activation of a gene that encodes a new
receptor that is then made available at the cell surface, thus changing the programming of the cell
by making the cell sensitive to new (additional) messages.

Cells normally support many kinds of receptor at their surfaces and multiple copies of each type;
therefore, they can interact with more than one type of ligand, and they can react to a balance
among the signals they receive (Pawson & Nash 2000).

The result of all these delicate controls will be to either maintain the programming status of
the target cell or to alter it by changing the status of target genes: turning them on or off. Thus the
programming of a cell and its response to its environment are inseparably intertwined in a fluid
web of biochemical interactions that often result in some modification of the cell in response to
conditions of its environment. The outcome is exquisitely controlled and might be anything in a range
between death of the cell or its differentiation. Below we briefly describe some of the cellular signaling
pathways that are implicated in pigment-cell development and functional regulation (for a broader
introduction to the basic ideas and terminology of cellular signaling, see Alberts et al. 2008). The
pathways are most often classified and referred to by the type of receptor, as the basic decision-maker
of the communication cascade. For reference, Figure 3.9 summarizes the main signaling pathways
that are implied to be important in mouse pigment-cell development, by the effects on the pigmen-
tary phenotype of mouse germline mutations (or transgenes) in pathway components.

3.3.2 Pathways from seven-pass transmembrane receptors

The seven-pass transmembrane receptors are so named because they are transmembrane proteins
that wind seven times back and forth through the plasma membrane. The following pathways
important for melanocytes involve this class of receptor: endothelin 3 (EDN3)/endothelin receptor
B (EDNRB), MSH/melanocortin 1 receptor (MC1R), WNT/frizzled (FZD), and r-dopa/ocular
albinism 1 protein (OAl). These are G-protein-coupled receptors: that is, binding of the ligand
activates an associated intracellular GTPase-binding protein (or G-protein), which dissociates to
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Figure 3.9 Signaling pathways important in normal melanocyte development. Germline
mutations in each of these pathways can produce developmental pigmentary defects
(Table A1.1, Chapter 1 Appendix). They are simplified here to emphasize key components,
interactions, convergence, and biological outcomes (shown as banners). Colors are used
to distinguish the different pathways. Components are often shown as generic families
(e.g. WNT); see text and Table A1.1 for specific family members important in pigment cells.
More detail follows on specific pathways: see text and further pathway diagrams. Compiled
from sources cited in the text and from Alberts et al. (2008), Bennett (2008) (general), Aoki
and Moro (2002) (MITF, KIT), Bar-Eli (2001) (AP2), Cadigan and Liu (2006) (WNT
pathway), Levy et al. (2006) (MITF promoter), Ogden et al. (2008) (SMO, G;), Ruiz i Altaba
et al. (2007) (HH pathway), and Svard et al. (2006) (GLI, PKA). Arrows, upregulation;
T-bars, inhibition; rectangles, transcription factors. Abbreviations (note: expansions are
omitted for proteins best known by their abbreviations, as in AKT): AP1, AP2, activating
proteins 1, 2; B-CTNN, B-catenin; CCND1, cyclin D1; CREB, cyclic AMP-response-
element-binding protein family; DCT, dopachrome tautomerase; DLL, delta-like;

E-CDH, E-cadherin; EDN3, endothelin 3; EDNRB, endothelin receptor B; EMT,
epithelial-mesenchymal transition; FAK, focal adhesion kinase; FGFR, fibroblast growth
factor receptor; FZD, frizzled; Gy, G;, G, G, G-protein families, of which i=inhibitory,
s=stimulatory; GSK3B, glycogen synthase kinase 3p3; HES1, hairy/enhancer of split,
homolog 1; HH, hedgehog; JAG, jagged; LEF1, lymphoid-enhancer-binding factor 1; LRP,
low-density-lipoprotein-receptor-related protein; MAPK, mitogen-activated protein kinase;
MC1R, melanocortin 1 receptor; MITF, microphthalmia-related transcription factor; MMP2,
matrix metalloproteinase 2; MSH, melanocyte-stimulating hormone; NIC, Notch
intracellular component; OC2, onecut2; P, pink-eyed dilution protein (OCA2); PAX3,
paired-box 3; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; PTCH,
patched; RAC, a RAS-related G-protein; RBPJ, recombination signal-binding protein for
immunoglobulin kJ region; RTK, receptor tyrosine kinase family; SMO, smoothened;
SNAI1, snail 1; SOX10, SRY-box 10; SUFU, suppressor of fused; TYR, tyrosinase;
TYRP1, tyrosinase-related protein 1; ZIC, zinc-finger protein of cerebellum.
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Figure 3.10 Basic components of cyclic AMP (cAMP) signaling in the melanocyte
lineage. Symbols and abbreviations are as in Figure 3.9. See text for more details and
sources. Ad cyclase, adenylate cyclase; ASP, agouti signal protein; CRE, cAMP-response
element; CREB, CRE-binding protein; OA1, ocular albinism 1 protein (a receptor for
L-dopa); P in circle, phosphate group.

release a soluble G subunit which then activates other signaling, according to the type of o. subunit.
OAL1 is one such receptor of melanocytes, but, unusually, is located in the melanosomal membrane
and is discussed elsewhere in the context of melanogenesis (Chapters 5 and 6).

The MSH/ASP/MC1R pathway

MCI1R is a G-protein-coupled receptor encoded at Mc1r (Recessive yellow, E) (see Fig. 3.10). In mice it
has at least two natural and antagonistic peptide ligands which impact type and color of melanin, as
well as melanoblast survival and differentiation, namely the hormone MSH and the paracrine
factor agouti signal protein (ASP), encoded at the Agouti (A, Nonagouti) locus. However, the main
discussion of these will be in the chapter on pigment-type switching (Chapter 5).

The EDN3/EDNRB pathway

Endothelin 3 or EDN3 is a peptide hormone encoded at the classical white-spotting locus Edn3
(Lethal spotting, Ls). Its principal receptor, endothelin receptor B or EDNRB, is encoded at Ednrb
(Piebald, S), also a classical white-spotting locus. In addition to their importance in melanoblasts,
EDNRB and EDN3 also participate in the earlier development of neural-crest cells and during both
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the ventrad and dorsolateral migrations, and so are also necessary for normal development of some
truncal neuronal and glial lineages (Nataf et al. 1996). EDNRB is coupled to G-proteins that, in
hypermorphic (overactive) mutants, when mutant, result in dark skin (originally referred to as
Dsk mutants) (Van Raamsdonk et al. 2004). Dskl and Dsk10 are mutations in Gnaq, and Dsk7
in Gnall, loci encoding two G, (G) proteins. The known function of this type of G-protein is to
activate phospholipase CB, which in turn activates protein kinase C (PKC) (Fig. 3.9) (Alberts et al.
2008), a kinase known to be important in melanoblast and melanocyte proliferation. The dark
skin was not seen when these mutants were also null for Ednrb, showing that these G-proteins
are only or predominantly coupled to EDNRB in the melanocyte lineage (Van Raamsdonk et al.
2004). Mice normally have very little pigment in the skin outside of hair follicles, so this dark skin is
phenotypically somewhat the reverse of white spotting, a phenotype that represents absence of
pigment cells.

Frizzled receptors and WNT signaling
By analogy, G-proteins are also likely to be elements of WNT/frizzled-1 signaling to the B-catenin/

lymphoid-enhancer-binding factor (LEF)/T-cell-specific transcription factor (TCF) pathway (Liu
et al. 2001; Malbon et al. 2001; Yasumoto et al. 2002) (see Fig. 3.11). The WNT family of secreted
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Figure 3.11 Main known elements of WNT/B-catenin signaling in the melanocyte lineage.
Symbols and abbreviations as in Figure 3.9. Double-headed arrows indicate alternative
sites for B-catenin. See text for more details and sources. APC, adenomatous polyposis
coli protein; CDH, cadherin; DVL, disheveled.



CHAPTER 3 WHITE SPOTTING AND PROGRESSIVE GRAYING 77

glycoprotein morphogens bind receptors of the frizzled (FZD) family of seven-pass transmembrane
receptors, and are required during the earliest stages of neural-crest formation and at other stages of
melanocyte development. WNT signaling is sometimes classed into canonical and atypical pathways.

The WNT ligands and their receptors are found in many tissues; they are not specific to the
pigment-cell lineage. Nevertheless, homozygous germline deletion of both Wnt1 and Wnt3a (an
embryonic lethal combination) leads to loss of neural-crest derivatives including melanoblasts,
showing that while these two WNTSs appear to be mutually redundant, one of them is required
for melanocyte development (Ikeya et al. 1997). Moreover, mice that are deficient for other com-
ponents of the WNT signaling pathway also show abnormal pigmentation. Of the several WNT
signaling pathways, we will first introduce the canonical pathway.

WNT proteins bind to receptors in the frizzled (FZD) family (named after a Drosophila mutant),
and may activate a number of different pathways, depending in part on which FZD and which
cofactor associates with it. In “‘canonical’ WNT signaling (see Fig. 3.11), a frizzled receptor is associ-
ated with the low-density-lipoprotein-receptor-related protein 1 (LRP1) co-receptor. When the
ligand is not present, FZD/LRP1 activates disheveled which, through glycogen synthase kinase 3
(GSK3B), tags B-catenin for destruction through the proteasome (Cadigan & Liu 2006). In the pre-
sence of WNT signaling, B-catenin is not degraded, accumulates, and so can participate in functions
such as transcriptional activation and cell-cell adhesion (Fig. 3.11). B-Catenin is remarkable for its
large number of functional interactions with other proteins (Fig. 3.11).

In its transcriptional function, WNT signaling activates members of the LEF/TCF family of
transcriptional regulators and so participates in the upregulation of target gene products, including
the melanocytic isoform of MITF (Hecht & Kemler 2000; De Strooper & Aennert 2001; Huelsken
& Birchmeier 2001) (Fig. 3.11). This seems the most direct relationship between WNT signaling
and establishment of the pigment-cell lineage, as MITF is a central organizing factor in melanoblasts
and melanocytes.

Deficient pigmentation is seen in mice with mutations at the Fzd4 or Lefl loci. Combined null
mutations in Lefl and Tcf7 result in a defect in the formation of paraxial mesoderm that is virtually
identical to that seen in Wnt3a-deficient mice (Galceran et al. 1999), implying probable WNT3A sig-
naling through LEF1 and TCF7. Adenomatous polyposis coli protein (APC) is an antagonist of the
pathway; Apc mutants have abnormal precocious dorsal and head pigmentation appearing before
birth (Kuraguchi et al. 2006). On the other hand, mice with the WNT pathway overactivated in the
melanocyte lineage, by expression of constitutively activated B-catenin from the tyrosinase (TYR)
promoter, paradoxically have reduced numbers of melanoblasts (Delmas et al. 2007). These findings
support a model in which canonical WNT/FZD signaling is critical to development of the neural
crest and the pigment-cell lineage, but there is an optimal level beyond which melanoblast develop-
ment may also be impaired.

The cell-cell adhesion function of B-catenin is mediated by its interactions with the large cadherin
(meaning calcium-dependent cell adhesion) family of molecules. The cytoplasmic domain of
cadherins is linked to the cytoskeleton through the catenins (o, B, and y) (Butz & Larue 1995; Pla
etal. 2001; Vleminck and Kemler 1999; Gumbiner 2000). Apparently WNT1 and WNT3A signaling
in the neural crest, originating in cells adjacent to the prospective neural-crest cells, prior to
specification of the pigment-cell lineage, participates in the release of cell-cell adhesions during
delamination of the neural-crest cells, and also acts to expand the population of neural-crest cells
(Ikeya et al. 1997; Dunn et al. 2000, 2005; Logan & Nusse 2004). Nakagawa and Takeichi (1995, 1998)
showed in chick embryos that regulation of cadherin expression is required for delamination of
neural-crest cells, and specifically those of the pigment-cell lineage (see also Hirai et al. 1989; Larue
etal. 1996). Using the Cre-loxP system to ablate $-catenin specifically in neural-crest cells, Hari et al.
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(2002) demonstrated the importance of B-catenin to all of the neural-crest cells, which failed to
develop beyond the stage of delamination.

WNT signaling is not identical in all vertebrate embryos (Dickinson et al. 1995), butin all cases is
necessary for the normal establishment of neural-crest cells and the pigment-cell lineage. WNT and
BMP signaling seem to have antagonistic functions in specification of the trunk neural crest ( Jin
etal. 2001) just at the time the neural-crest cell lineages are defined. Both in cell cultures and in avian
and zebrafish embryos, activation of the WNT signaling pathway in neural-crest cells promoted the
formation of melanoblasts (Dorsky et al. 1998; Jin et al. 2001). WNT signaling directly activates Mitf
transcription in zebrafish and in cultured mouse melanocytes, leading to pigment-cell differentia-
tion (Dorsky et al. 2000; Takeda et al. 2000). Dorsky et al. (1998) demonstrated, by injection of
B-catenin into cranial neural-crest cells of developing zebrafish, that WNT signaling can specify
multipotent neural-crest cells to the melanoblast, glial, and neuronal lineages before they leave the
neural tube. Lewis et al. (2003), using zebrafish transgenic for a WNT inhibitor, defined two periods
of WNT signaling that are critical to the pigment-cell lineage in zebrafish: first in the initiation of
neural-crest cells within the neural tube, and second in the specification of the pigment-cell lineage.

In vitro studies of mouse neural-crest cells demonstrated that overexpression of canonical WNT
signaling genes [Ctnnb1 (S-catenin), Wnt3a, or Wnt1] can increase, in an endothelin-dependent man-
ner, numbers of neural-crest cells expressing pigment-cell markers. WNT1 and WNT3A promote
expansion of melanocytes through distinct modes of action, suggesting interaction with more than
one FZD receptor. Both can increase the number of neural-crest cells prior to expression of
pigment-cell markers, but only WNT3A induces a SRY-box 10 (SOX10)-dependent maintenance of
MITF expression, in cells already expressing it, and a dependence on EDN3 and KIT ligand (KITL)
(all properties of melanoblasts and melanocytes) (Dunn et al. 2005). Sox10, Mitf, Edn3, and Kitl are
classical white-spotting genes. This study suggested that early melanoblasts are capable of differ-
entiating into other cell types, but MITF expression — perhaps at some critical level — can function
to stabilize pigment-cell determination.

Other studies have shown that normal melanoblasts continue to experience changes in their
expressed cadherins and the associated catenins, including B-catenin, as they migrate through the
dermis and epidermis and eventually home to the hair follicles. In early mouse embryos, cadherin
20 is expressed rather widely, including in cells likely to develop into the pigment-cell lineage
(Moore et al. 2004). Jouneau et al. (2000) demonstrated that murine melanocytes express E- and
P-cadherin when in contact with keratinocytes, while N-cadherin is the principal cadherin
expressed by melanoblastic cell lines in vitro. In the migratory pathway of melanoblasts, E-cadherin
expression begins in the melanoblasts of the dermis, prior to their migration into the epidermis,
when P-cadherin expression begins. Keratinocytes in the epidermis and hair follicles express both
E- and P-cadherin.

Overall, the WNT/B-catenin signaling pathway, regulating both cell adhesion and transcription,
influences many processes in development, including establishment of the anteroposterior axis
of murine embryos, establishment of pre-migratory neural-crest cells, delamination of neural-
crest cells, correct development of the hair follicle, and maintenance of pigmentary stem cells
within the follicle (Cadigan & Nusse 1997; Huelsken et al. 2000, 2001; Larue et al. 2003; Schepsky
etal. 2006).

The WNT/B-catenin pathway is also part of a signaling network with other pathways such as
transforming growth factor o (TGF-a) and Notch (Hecht and Kemler 2000; De Melker et al. 2004).
Notch (see below) apparently serves as a negative regulator of the WNT pathway (De Strooper &
Annaert 2001). Apparently WNT1 transcription is stimulated by BMP signaling from the develop-
ing somites (Burstyn-Cohen et al. 2004).
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The hedgehog pathway

Patched (PTCH; not to be confused with the white-spotted mouse Patch, Ph/+) and Smoothened
(SMO) proteins complex to form a cell-surface receptor for the hedgehog ligands. PTCH proteins
span the cell membrane 11-12 times (Nagao et al. 2005), whereas SMO is a seven-pass G-protein-
coupled receptor, though differing from those above in its downstream signaling through G..
Neither the hedgehog intercellular signaling peptides nor their receptors are encoded by white-
spotting genes, but this may be because non-conditional mutations are embryonic lethal; both
families are widely expressed in the developing embryo, and maintained in the adult. Hedgehog
signaling is implicated in neural-crest specification (see below).

The hedgehog signaling pathway (Fig. 3.9) is named for its ligands (in turn named after the
Drosophila homolog) (Ingham & McMahon 2001). The mammalian genome encodes at least two
receptors of the patched family, PTCH1 and PTCH2, and three hedgehog ligands, sonic hedgehog
(SHH), indian hedgehog (IHH), and desert hedgehog (DHH). The ligands bind equally to any
patched receptor, but the ligands and receptors are expressed differently in different tissues.

In the absence of hedgehog ligands, the patched receptor(s) act to inhibit Smoothened. When
extracellular hedgehog is present, it binds to and inhibits patched, so that Smoothened function is
derepressed. At the end of the cascade of reactions, the gliotactin (GLI) family of zinc-finger tran-
scription factors are activated: GLI1 and GLI2 are activators of transcription of their target genes,
whereas GLI3 is a repressor.

Like their famous Drosophila cognate, the hedgehog morphogens in vertebrates are instrumental
in many aspects of patterning the early embryo. Hedgehog signaling is important in neural-crest
formation in the head region, and specification of the glial/neuronal neural-crest cells (Fu et al.
2004). The balance between WNT and hedgehog signaling pathways is important to the correct
development of eyes and ears; development in the head regions requires a balance between fibro-
blast growth factor (FGF) and hedgehog signaling. Hedgehog also functions in prenatal development
of hair follicles and postnatal regulation of the molt cycle. Activation of the hedgehog pathway is
required for transition of the hair follicle from the resting to the growth phase (Paladini et al. 2005).
Upregulation of SHH activity in postnatal skin induces resting hair follicles to enter anagen, the
phase of hair growth (Sato et al. 1999).

There is evidence for crosstalk between hedgehog and WNT signaling at the level of GSK3p. Further,
there may be crosstalk with phosphoinositide 3-kinase (PI3K) signaling through AKT and with PKC$
signaling through MEK1 in the melanocyte lineage (Fig. 3.9). Both of the latter are components of
signaling pathways that are activated by a different category of receptor, the single-pass receptors.

3.3.3 Pathways from single-pass transmembrane receptors

These receptors reside in the cell membrane with the effector domain inside and the ligand-binding
domain on the outside, linked by only one transmembrane section. This category of receptors is
large and diverse and its members may not all be related in evolution. We will discuss several of the
major single-pass receptors and their signaling pathways known to be important to the pigment-cell
lineage. We begin with one of the odd ones.

Notch

The Notch pathway functions in the migration and maintenance of neural-crest cells and other
stem cells of multiple lineages. It is one of the factors thought to contribute in the neural tube to



80 PART Il THE PIGMENTARY LOCI

initiation of neural-crest formation and delamination (Hari et al. 2002), and functions also at later
stages in pigment-cell survival, and in maintenance of stem cells in the niche of the hair follicle.
None of the Notch signaling elements are found among the classical white-spotting genes, nor are
they specific to pigment cells; however, targeted ablation of Notch pathway elements in pigment
cells results in pigment-cell loss and hair graying (see below).

Notch receptors are single-pass transmembrane proteins that initiate a highly conserved cell
signaling system present in most multicellular organisms. Vertebrates possess four different
Notch receptors, NOTCH1-4 (Kraman & McCright 2005). The Notch ligands (Delta/Jagged) are
also single-pass transmembrane proteins, found on the plasma membranes of nearby cells.
Thus Notch signaling is juxtacrine rather than paracrine or autocrine (Artavanis-Tsakonas et al.
1999), in that it requires cell-cell contact. Known Notch ligands in mammals are the three
Delta-like (DLL) and two Jagged proteins. Notch may also respond to other ligands. The two
cells need not always be adjacent; one of the cells may send out processes that contact the other
at a distance. In the case of induction of neural-crest cells, Notch ligands are presumably on the
surface ectodermal cells as they fold over the neurectoderm that is expressing Notch during
neurulation.

Each NOTCH protein is a heterodimer composed of a large extracellular portion that associates
in a calcium-dependent, non-covalent fashion with a smaller intracellular section. When the recep-
tor is activated by a ligand, the Notch intracellular domain is cleaved and translocates into the
nucleus where it complexes with a CSL-family transcriptional repressor such as RBP-Jb and con-
verts it into an activator that promotes transcription of target genes (Moriyama et al. 2006; Das et al.
2007). One target gene product is Hairy/enhancer of split (HES1), a basic helix-loop-helix (b HLH)
transcription factor (see below for bHLH factors). HES1 promotes maintenance of stem cells of
several types, including neuronal stem cells and melanoblasts (Kageyama et al. 2000; Aubin-
Hougzelstein et al. 2008) by inhibiting apoptosis and differentiation (Hitoshi et al. 2002; Duncan et al.
2005; Schouwey et al. 2007). Notch signaling also functions in neurogenesis, gliogenesis (Morrison
et al. 2000), and other developmental processes.

Targeted ablation of Notch1, Notch2, or Rbpj in the pigment-cell lineage in mice, using the TYR
promoter, results in an overall reduction in the number of pigment cells, and also a progressive loss
of pigment cells from the hair follicles of adult mice; that is, progressive graying (Moriyama et al.
2006; Schouwey et al. 2007). Targeted overexpression of HES1 rescues the pigmentation defect in
Notch-ablated mice (Moriyama et al. 2006), so, in summary, all these pathway elements seem
important to establish and maintain melanocyte stem cells.

Crosstalk has been identified between the Notch pathway and most other major intracellular
signaling pathways. Notch signaling inhibits the WNT/B-catenin pathway, as mentioned above,
probably at several steps (De Strooper & Annaert 2001; De Melker et al. 2004); this interaction has
been identified in pigment-cell development and in hematopoietic stem cell maintenance (Duncan
et al. 2005; Das et al. 2007). These findings support the idea of an optimal level of WNT signaling
for melanoblast development; perhaps Notch signaling helps to prevent the level exceeding this
optimum. Notch and TGF-B (discussed below) interact in control of HES1, through TGF-f target
SMAD3 (Blokzijl et al. 2003). Notch signaling interacts with that of BMP4 during myogenesis
(Dahlqvist et al. 2003), and that of KIT in development of neural stem cells in the eye (Das et al.
2004). In the neural crest, Notch is an actor in a pathway that involves FGF2 signaling (Ota & Ito
2006).

Thus the Notch pathway, combined with targeted gene manipulation, illustrates the ways that
pigmentation models help to dissect the nodes of the complex web of intersecting signals that
regulate cellular function and embryonic development (Hurlbut et al. 2007).
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TGF-B receptor superfamily: serine/threonine phosphorylation

This superfamily includes two types of single-pass transmembrane protein that are protein
serine/threonine kinases. Each of the families and subfamilies of receptor binds a different kind of
ligand, and the receptors are discussed here with their ligand families.

The TGF-P family of ligands This family (TGF-B1, 2, and 3) are cytokines belonging to the
TGF-B superfamily which also includes the BMP family, inhibins, activin, anti-Miillerian hormone,
decapentaplegic and Vg-1. TGF-B1, 2, and 3 participate in many cellular functions, including the
control of cell growth, cell proliferation, cell differentiation and apoptosis. Each binds to receptor
TGEF-B receptor 2 (TGFpR2). This then binds TGFBR1 and both become activated as kinases
(Alberts et al. 2008). Within the cell, the activated receptor complex signals through the SMAD
pathway. An activated SMAD binds a coSMAD (another SMAD-family member). The complex of
SMAD and coSMAD enters the nucleus where it participates in a transcription factor complex that
regulates transcription of target genes. Because there are three members of the TGF-f family and
several different SMAD proteins, the message that is transmitted is very precise.

In initial studies using chick neural tubes in vitro, Delannet and Duband (1992) reported that
TGF-B1 and 2 stimulated emigration of cultured neural-crest cells, possibly by increasing the adhe-
sion of the cells to their substrate at the expense of intercellular interactions. TGF-f is also involved
in G, arrest in the cell cycle and the transition from G, to S is necessary for delamination.

The BMP family of ligands This family interacts with BMP receptors (BMPRs) of which there
are at least two. Signals from BMPR1A and BMPR1B receptors are transduced within the cell by a
specific SMAD signaling pathway (different from the above), via SMAD1, SMAD5, and SMAD9.
BMP is involved at the beginning of neural-crest development through the action of its competitive
antagonists chordin and noggin. In early development, noggin is present along the neural crest as a
gradient, thus creating a gradient of BMP signaling that establishes the rostral/caudal gradient of
neural-crest development and initiates the rostral-caudal progression of neural-crest cell formation
within the neural tube. Details of BMP function in neural-crest cell development differ somewhat
among the animal model species: fish, birds, and mice.

Later in development, BMP2 is essential for the genesis of migratory neural-crest cells (Aybar &
Mayor 2002). In murine BMP2-null mutant embryos, neural-crest cells are created, but they fail to
delaminate from the neural tube. The failure to migrate is not the result of cell death, but is accom-
panied by abnormal closure of the neural tube (Correira et al. 2007). In normal quail and chick
embryos and neural-crest cell cultures, BMP signaling seems to interact with WNT signaling in the
initial specification of the glial/neuronal versus melanogenic lineages, with BMP4 favoring the
glial/neuronal and WNT3a favoring the pigment-cell lineage (Jin et al. 2001).

Yet later, BMP is required for normal migration of enteric neural-crest cells (Goldstein et al.
2005) and acts as a positive regulator of neurogenin in cell culture. Neurogenin-2 (NEUROG?2)
is a HLH transcription factor essential for the specification of sensory neurons, much as MITF
specifies the pigment-cell lineage, and is a marker of the neuronal/glial lineage of trunk neural-
crest cells. FGF2 treatment has been shown to suppress NEUROG2 expression and promote
formation of glial cells through activation of Notch. Thus BMP and FGF2 act as positive and
negative regulators of NEUROG2 expression, respectively, within the glial/neuronal lineage (Ota &
Ito 2006).

Murine central nervous system stem cells can be induced to differentiate into neural-crest cell
fates in vitro and in chick and quail embryos, but only if they have been exposed to BMP and FGF2
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(Busch et al. 2006). Clearly, BMP collaborates with a number of other factors to direct different
developmental stages during neural-tube and neural-crest development.

Receptor tyrosine kinases (RTKs): tyrosine phosphorylation

Protein tyrosine kinases (PTKs) catalyze the phosphorylation of tyrosine residues of target
proteins. This very large protein family includes two main classes: receptor PTKs and cytoplasmic
or non-receptor PTKs. Receptor PTKs are single-pass cell-surface receptors. Their catalytic
activity is activated when the ligand binds to two receptor molecules, which usually then each
phosphorylate tyrosines in the other to form an active receptor dimer, initiating signaling cascades
of phosphorylation (Fig. 3.12).

Some non-receptor tyrosine kinases can act directly on transcription factors in the nucleus.
Others, and receptor PTKs, act through a complex but much-studied web of signaling pathways,
especially the mitogen-activated protein kinase (MAPK) and PI3K pathways, both initiated through
the RAS, RHO, and RAL families of small G-proteins. The MAPK cascade (Fig. 3.12) is one of the
most ubiquitous signal-transduction systems of eukaryotes, and regulates numerous physiological
processes including cell proliferation, differentiation, migration and death (Wilkinson & Millar
2000; Easty & Bennett 2000; Bottcher & Niehrs 2005). It involves recruitment of a RAS protein and
then a RAF protein to the cell membrane, then sequential and amplifying phosphorylations of
MAPK kinase (MAPKK), MAPK, and downstream targets depending on context. Figure 3.12 shows
PTK signaling elements of known importance in pigment cells. The PI3K pathway works by
activating the serine/threonine kinase AKT, primarily to promote cell survival and growth in cell
size. Intracellular PTKs can link the same signaling pathways to other kinds of receptor.

RTK receptor/ligand combinations active in the melanocyte lineage Several RTK receptors
and their ligands, although not identified as classical white-spotting genes, are nonetheless known
to impact pigmentation by manipulation in culture or via transgenic mouse technology. We will
include some of these pairs in the present discussion, for completeness (Table 3.1). However, KITL
and its receptor KI'T (White, W, Dominant white spotting) do qualify as classical white-spotting genes.
The role of most of these ligands in development of melanocytes may be secondary to their
importance in the neural crest as a whole and the various neural-crest derivatives. Striking parallels
are seen, for example, between the functions of RTKs in the development of the autonomic nervous
system and of the pigment-cell system. For more detail see Wehrle-Haller & Weston (1997) and
Le Douarain & Kalcheim (1999).

Table 3.1 RTKreceptorsand their ligands

Ligand symbol Ligand name RTK receptor symbol
KITL/SCF KIT ligand/stem cell factor KIT

HGF/SF Hepatocyte growth factor/scatter factor/hepatopoetin A MET

GDNF Glial-cell-derived neurotrophic factor RET

PDGF(A,B) Platelet-derived growth factor PDGFRA, PDGFRB
EGF Epidermal growth factor EGFR

FGF family Fibroblast growth factors FGFR family
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Figure 3.12 Basic elements of RTK signaling. Melanoblasts and melanocytes have
numerous types of RTK receptors, and it is thought that the relative input into the three
different sub-pathways (PLC, RAS, PI3K) varies between receptors. Symbols and
abbreviations as in Figure 3.9. See text for more details and sources. BAD, BCL2
antagonist, cell death; CASP9, caspase 9; DAG, diacylglycerol; ETS, erythroblastosis
oncogene homolog; GRB2, growth factor receptor-bound protein 2; IP,, inositol
trisphosphate; JNK, JUN N-terminal kinase; MAPK, mitogen-activated protein kinase;
MDM2, mouse double minute 2; mTOR (or FRAP1), mammalian target of rapamycin;
PIP,, phosphatidylinositol 3,4,5-trisphosphate.

KIT The RTK receptor KIT is encoded by a classical white-spotting gene (Kit, W, Dominant
white spotting) and is one of the first-expressed marker proteins, perhaps the first, that identifies
melanoblasts developing from the neural crest (Price et al. 1998). KITL is encoded at another
classical white-spotting locus (Kitl, Steel, Sl). KITL, also called stem cell factor (SCF) or mast-cell
growth factor (MGF), has both soluble and cell-bound (transmembrane) isoforms, which together
are required for migration, proliferation, and survival of the melanoblasts along the dorsolateral
pathway in the embryo. These will be discussed in more detail in section 3.4.
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Hepatocyte growth factor (HGF)/scatter factor (SF) This is the ligand for mesenchymal-
epithelial transition factor, or MET (formerly c-met). In embryos, HGF is secreted by mesenchymal
fibroblasts and targets epithelial and endothelial cells and pigment cells at times when they express
MET. In melanocyte culture, in combination with synergistic factors such as FGF2 (basic FGF) and
KITL, HGF functions as a growth and differentiation factor, maintaining high TYR activity and
melanin content (Matsumoto et al. 1991; Halaban et al. 1992; Hirobe et al. 2004a).

HGF and MET These are principal mediators of mesenchymal-epithelial interactions in several
different systems, including the hair follicle, where the ligand is localized in the hair follicle
mesenchyme (dermal papilla fibroblasts) and the receptor, MET, in the neighboring hair bulb
keratinocytes, during the active stages of the hair cycle (Lindner et al. 2000). In vivo, MET is not
required for neural-crest formation up to embryonic day 14 (Kos et al. 1999) in Met™'~ mice.
However, overexpression of HGF in the melanocytes of transgenic mice induces an abnormal
accumulation of melanocytes, in great excess throughout the dermis and epidermis of the adult
mice, besides promoting a wide variety of tumors of both mesenchymal and epithelial origin
(Takayama et al. 1996, 1997). Melanoma formation is increased in such mice by neonatal ultraviolet
irradiation (Wolnicka-Glubisz & Noonan 2006).

RET/GDNF The RET proto-oncogene encodes a PTK receptor for members of the glial-derived
neurotrophic factor (GDNF) family. During normal development, RET is expressed primarily in
neural-crest-derived neural structures, sensory tissues, and the developing kidney (Avantaggiato
et al. 1994). RET/GDNF is important in the development of the neuronal/glial lineage of the
enteric nervous system (Taraviras et al. 1999; Heuckeroth & Pachnis 2006).

This is interesting to pigmentation devotees primarily because of the way in which the
RET/GDNEF signaling system parallels, in the development of the glial/neuronal lineage of neural-
crest cells, the KIT/KITL system in the melanoblast lineage. It is another example of the ways in
which the classical pigment mutants contributed to our current understanding of the communica-
tions web of the cell. In the early stages of neural-crest and neural-crest-cell formation, both the
melanocyte and glial lineages require the ongoing activity of SOX10 and PAX3 transcription factors,
as well as EDNRB and its ligand EDN3 (discussed above). These are all classical white-spotting
proteins. Then, as the neural-crest cells begin their migration and development, glial/neuronal
precursors, under the influence of PAX3 and RET/GDNE, transcribe their specific products,
including NEUROG2, while melanoblasts, under the influence of PAX3 and KIT/KITL, transcribe
their specific products, including MITE

Epidermal growth factor (EGF)/neuregulin family Neuregulins are a family of growth and
differentiation factors related to EGF. The receptors for neuregulins are the ERBB (or human
EGEF receptor, HER) family of tyrosine kinase transmembrane receptors, which includes the EGF
receptor (EGFR). In particular, the neuregulin/ERBB signaling pathways play crucial roles in
regulating the proliferation and differentiation of Schwann cells, the glial cells of the peripheral
nervous system (not only those that make myelin). Human melanocytes express several HER
receptors (Easty & Bennett 2000); this is largely untested in mice, but a recent dark-skinned mouse
mutant was identified as having a point mutation in the EGFR, increasing its activity (Table Al.1,
Chapter 1 Appendix).

Platelet-derived growth factor receptors (PDGFRs)  Platelet-derived growth factor (PDGF) A,
B, and C are subunits of the dimeric ligands of the PTK receptors PDGFRA and B. PDGFRA and B
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can bind homodimers of PDGFA, B, and C, or PDGFA-PDGFB heterodimers, with varying affinity.
The PDGFs are important in angiogenesis and connective tissue; their importance to murine white
spotting has to do with the finding of a deletion in the Pdgfra locus in Patch (Ph/+) mice, and the
initial attribution of the spotting of these mice to the deletion. However, although targetted
germline deletion showed that Pdgfra was required for development of mesenchymal neural-crest
derivatives in the head, pigmentation was unaffected (Soriano 1997). The spotting phenotype in
Ph/— mice turned out to result from a chromosomal rearrangement affecting the nearby Kit locus.
For more information, see the Patch section of this chapter (section 3.4.5). Mutations in ligands
PDGFB and PDGFC can impair eye pigmentation (Table 3.1).

FGF receptors (FGFRs) The FGFR family of RTKs has four members, FGFR1-4. Alternative splicing
of FGFR transcripts generates a diversity of FGFR isoforms with distinct FGF-binding specificities.
The FGF family of ligands is large, numbering more than 20, with functions in diverse cellular pro-
cesses (Bottcher & Niehrs 2005). An FGF receptor-ligand complex is formed of two FGF peptides, two
heparans, and two receptor molecules (Alberts et al. 2008). As already mentioned, FGF signaling is
implicated in early neural-crest development, and FGF2 or basic FGF is a growth factor for melanocytes
(Halaban etal. 1987) and melanoblasts (Sviderskaya et al. 1995; Hirobe 2001). Targeted mutations in
receptor gene Fgfi2 result in pale skin among many other defects (Table A1.1).

3.3.4 Downstream signaling in melanocyte development: transcription factors

As already mentioned, transcription factor MITF appears central to determination and differentia-
tion of the melanocyte lineage. MITF is regulated by a complex net of signaling that includes at
least five other transcription factors and a plethora of helper molecules. The transcription factors
implicated to date in direct regulation of the MITF promoter include paired-box 3 (PAX3),
cAMP-response-element-binding protein (CREB), SOX10, LEF1, and ONECUT (Fig. 3.9) (Goding
2000; Levy et al. 2006), conferring on MITF the capacity to respond to diverse signaling pathways.
The importance of the links between MITF expression and Pax3, Sox10, and Lef is underscored by
the genetics of mutant mice that link mutations in each of these loci to loss of melanoblasts (white
spotting) and, in the case of Pax3 and Sox10, to syndromes of pigmentary and other birth defects, as
discussed in Chapter 4. Other transcription factors impinge at least indirectly on this regulatory
circuit, since mutations in them can alter melanocyte development. Here we introduce the known
players in this transcriptional network, divided by structural class.

bHLH/leucine zipper (LZ) transcription factors

bHLH/LZ transcription factors function as homo- or heterodimers. They contain a DNA-binding
basic domain, and HLH and L.Z domains, which mediate dimerization.

MITF MITF itselfis one such factor; it has already been introduced above and will be discussed in
more detail in section 3.4, as the product of a classical white-spotting gene.

CREB family CREB-family proteins are bHLH/LZ transcription factors that bind to sequences
called cAMP-response elements (CRE) in gene promoters, and thereby regulate transcription. In
general, activation of certain receptors will lead to cAMP production, activating protein kinase A
(PKA) which phosphorylates a CREB protein or proteins (Fig. 3.9). This then enters the nucleus,
binds to a CRE region, and binds a CREB-binding protein (CBP; CREBBP or EP300) as co-activator.
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The complex can then activate transcription of the gene. CREB-family proteins known to be import-
ant in the melanocyte lineage include CREB1 (formerly CREB), which can upregulate MITF in
response to MSH/MCIR signaling, (Busca & Ballotti 2000), and ATF2, which can also dimerize
with JUN proteins in proliferative signaling.

Helix-turn-helix factors

BRN2 BRN2 (Brain2, POU3F2, N-Oct-3) is a POU domain factor, as it contains a bipartite DNA-
binding domain called the POU domain. BRN2 serves as an early marker of neural crest in most
species. BRN2 may play a part in melanocyte differentiation. Cook et al. (2003) established
melanoblast and melanocyte cultures from human foreskins and found that melanoblasts (contain-
ing unpigmented melanosomes) could be grown, or generated from a melanocyte culture, using
FGF2, KITL/SCE, and EDN3. BRN2 expression was high in the melanoblast cultures. When the
three factors were removed, BRN2 levels decreased and the cells differentiated to melanocytes with
pigmented melanosomes, suggesting a role for BRN2 in maintaining the precursor state.

Signaling pathways known to influence BRN2 activity include p-catenin, BRAF (Goodall et al.
2004a, 2004b), and probably Notch/Delta. Pou3f2 (the BRN2 gene) is a direct target of the B-
catenin-LEF1 complex. In transgenic mice that express a lacZ marker in the pigment-cell lineage,
BRN2 was clearly evident in the neural tube, but was not detectable in melanoblasts or neural crest.
BRN2 was also present in mature hair follicles (Goodall et al. 2004a, 2004b).

Forkhead/winged helix factors

FOXD3 The winged-helix or forkhead-box (FOX) class of transcription factors has been shown
to play important roles in cell specification and lineage segregation. The forkhead box is a DNA-
binding sequence of 80-100 amino acids. Some Fox genes are downstream targets of the hedgehog
signaling pathway, mentioned above. FOXD3 is not expressed in the pigment-cell lineage, but plays
at least two important roles in its development. First, it is involved in the segregation of the neural-
crest lineage from the neuroepithelium. Second, it represses melanoblast determination, thereby
allowing other neural-crest derivatives to differentiate during early neural-crest patterning (Kos
et al. 2001). The human FOXD3 locus was identified as a susceptibility locus for vitiligo; a rare
variant sequence in the promoter appears to cause increased FOXD3 expression (Alkhateeb et al.
2005), presumably resulting in decreased numbers of melanocytes postnatally.

Zinc-finger factors

GLI Zinc-finger protein GLI is the primary transcription-factor target of the hedgehog signaling
pathway. Gli3 is a modifier of SOX10 (Matera et al. 2008).

Snail (Snail, Snail-1) and Slug (Snai2) Invertebrates, two members of the Snail family of proteins
are known: SNAI1 (Snail) and SNAI2 (Slug/Slugh) (Sefton et al. 1998). These are involved in the
EMT of neural-crest cells and maintenance of melanoblast stem cells in the hair follicle niche, as
well as the expression of KIT early in specification of the pigmentary, hemopoietic, and germ cell
lineages (Pérez-Losada et al. 2002). Snail family genes encode zinc-finger transcription factors
(Carver et al. 2001) that are highly unstable. In Drosophila, Snail acts as a transcriptional repressor
during the period of mesoderm formation by preventing expression of mesectodermal and ectoder-
mal genes in the mesoderm anlage (Smith et al. 1992).
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SNALII is essential to survival in the mouse (Sefton et al. 1998). SNAI2 is not; it is necessary for
melanoblast migration and/ or survival but not for neural-crest formation (Sanchez-Martin et al. 2002),
reflecting its expression in migratory but not pre-migratory neural-crest cells ( Jiang et al. 1998).
Expression of SNAI2 in mice differs from that in chick embryos, and even differs among strains of mice
as shown by Sanchez-Martin et al. (2002), who suggested that Slug functions downstream of MITFE.

Mutations in SNAI2 contribute to human ‘piebaldism’, specifically Waardenburg syndrome type
II, in a dose-dependent fashion (Pérez-Losada et al. 2002; Tachibana et al. 2003) and to white spot-
ting in mice. However, Snai2-deficient mice exhibit infertility and macrocytic anemia, in addition to
white spotting (Sanchez-Martin et al. 2002), and their pigmentary phenotype as shown in this paper
is strongly reminiscent of mice that are heterozygous for defective KITL. They do not resemble
mice mutant at Mitf.

SNALI2 is not expressed in Kit'~ cultured mouse cells, and is reduced in melanocyte cultures
made from mice that lack KITL/SCF (Sanchez-Martin et al. 2002). This syndrome of defects in
developing germ cells, hemopoietic cells, and pigment cells is typical of mice mutant at Kit, and not
of Mitf mutant mice. Furthermore, of all the white-spotting defects in mice, Kit defects are the most
sensitive to strain-dependent differences in size and location of the unpigmented regions, while Mitf
genotypes are the least sensitive (Lamoreux 1999). These facts reinforce the suggestion that SNAI2
is a downstream target of signaling from KIT in mice (Inoue et al. 2002; Pérez-Losada et al. 2003).
However, it has also been reported that the KIT signaling pathway and the MITF signaling pathway
intersect at MAPK (Hemesath et al. 1998; Hou et al. 2000) (Fig. 3.12), and Sanchez-Martin et al.
(2003) have identified a proposed binding site for MITF on the Slug promoter.

In cell culture, production of SNAI2 provokes the loss of epithelial markers, as well as changes in cell
shape and the expression of mesenchymal markers, and it attenuates the cell cycle (Vega et al. 2007).
It has been suggested (Barrallo-Gimeno & Nieto 2005) that the primary function of the Snail genes is
to induce cell movement and survival, as a part of the EMT, rather than specifically triggering the EMT.

SNAI factors, nonetheless, have been implicated in the EMT, in mouse and human (Savagner et al.
1997; Jiang et al.1998; Sanchez-Martin et al. 2003; Tachibana et al. 2003), including the EMT necessary
for neural-crest cell delamination, and are strong repressors of N-cadherin activity (Cano et al. 2000).
Just as canonical WNT signaling stabilizes B-catenin by inhibiting GSK3, SNAI1 and -2 are regulated
in a similar fashion by GSK3, and GSK3 is responsive to several other signaling pathways in addition
to WNT signaling, including TGF-B1 (Katoh & Katoh 2006, 2007), PI3K (Zhou et al. 2004), and
probably hedgehog (Zhou & Hung 2005) (Fig. 3.9). Hedgehog signaling is important in neural-crest
formation in the head region, and specification of the glial/ neuronal neural-crest cells.

Beta scaffold factors

p53 is not only a transcription factor but a key tumor-suppressor and the most commonly mutated
gene in human cancer, although less commonly mutated in melanoma than in most cancers
(Bennett 2008). Its reported effect upon pigmentation is two-fold. If the protein is deficient in
pigment cells, the result s a belly spot, suggesting reduced melanoblast numbers. Overexpression of
normal p53 in the keratinocyte generates darker pigmentation of the skin through increased
expression of KITL by keratinocytes (McGowan et al. 2008).

Other transcription factors

Other transcription factors include SOX10 and PAX3, which are discussed in more detail in section
3.4. Lastly, there is activating protein 2o (AP2a), encoded at Tcfap2a. Mice deficient in AP2o show
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abnormalities, including neural-crest defects, and die in utero; if deficiency is targetted specifically to
neural crest with the WNT1 promoter some mice survive postnatally with neural-crest defects
including deficient pigmentation, indicating a requirement for this factor at some point in the
melanocyte lineage (Brewer et al. 2004).

3.3.5 Interactions among pathways, and emergent properties

Signaling pathways are not linear and independent units within the cell (Nusse 2003; Nelson
& Nusse 2004), as can readily be seen from Figure 3.9. Several pathways may all regulate the
same biological outcome, for example converging to stimulate cell proliferation or survival.
Moreover, the interactions between pathways may set up some unexpected higher-level (emergent)
properties, such as biological switches. At least two such potential switches can be found in
Figure 3.9.

The first is a potential positive-feedback circuit between MITF and MCIR. Activation of MC1R
stimulates MITF transcription through CREB, while MC1R is itself a transcriptional target of MITF
(Steingrimsson et al. 2004). Thus, the activation of each component can activate the other, a self-
stabilizing process that could amplify MC1R signaling in the presence of MSH, further upregulate
cAMP levels and promote cell differentiation, potentially contributing to the stability of the switch
from melanoblast to melanocyte.

The second is a similar circuit between MITF and RTK receptors KIT and MET. These receptors
also appear to be MITF targets, while a stimulatory pathway can be seen from RTK activation
through MAPK and CREB to MITE It is tempting to speculate that this could play a part in the
determination of melanoblasts from neural crest: in the presence of ligands KITL and/or HGEF,
MITF and KIT/MET should mutually upregulate and stabilize each other’s expression.

There is always the danger, with a brief presentation of the multiple interacting pathways that
participate in development, that the description will appear to be one of linear programming.
Therefore, it is important to repeat, as we said in the introduction, that the processes of cell lineage
restriction and the paths of cell migration are regulated by a network of environmental influences,
intercellular interactions, and intrinsic factors. Pathway choices of cells during development are the
result of changes in the environment that generate changes in the developing cells with continued
support from the changing environment.

3.4 Pigment phenotypes and the classical white-spotting genes

In section 3.2 we described the physiological development of the melanoblast lineage within the
embryo; in section 3.3 we described the cell biology of some of the information exchanges required
for that development and for the development of the eventual phenotype. The phenotype of an
organism is the appearance of the organism, either as a whole or relative to the function of a specific
gene. The pigmentary phenotype is a direct interface between the organism and its environment
and is therefore critical to the survival of the individual. In addition, the phenotype is foundational
to the species and to speciation because natural selection acts upon the phenotype of the organism
within its environment; the conversation between natural selection and the genome is mediated by
the phenotype. From the beginning of genetics, scientists have used the phenotype as entrée to that
conversation between the phenotype and the genotype, and we are now doing so in increasingly
sophisticated ways (see Chapter 6) to clarify genic actions and to validate hypotheses that are based
on experimentation in vitro.
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Figure 3.13 White-spotted burro, parentage unknown.

In this section our focus will be on the classical pigmentary genes and their genotype—phenotype
relationships as they illuminate development of the pigment-cell lineage in mice. Photographs of
other species provide context and relevance of the mouse work (e.g. Fig. 3.13). This chapter empha-
sizes basic process; detailed information about specific genes can be found online (see the Reference
section at the end of the book). We will use white-spotting phenotypes, which reflect failure of
pigment-cell development, as well as pigmented phenotypes that help to explain how pigmentation
develops. We will use information gained from other vertebrate species to illuminate, or compare
with, the condition in mice; bearing in mind that there is variability among species. We will
continue to emphasize the trunk region as our exemplar, while recognizing that the head region
develops rather differently and is perhaps more important to our comprehension.

All of the above of course assumes that the classical white-spotting genes and their helper genes
are functioning normally (Figs 3.14 and 3.15). If they are not, the result is pigment-cell death or
failure to normally replicate or migrate, white spotting (congenital absence of pigment cells),
and/or progressive depigmentation (graying with age).

A special advantage of the pigmentary system as a research model is the extent to which changes
in the genotype are visible in the phenotype of the living animal (Baxter et al. 2004). In previous
sections of this chapter we have discussed (3.2) morphogenesis of the pigmentary system and (3.3)
cellular signaling. Here we will discuss specific key regulatory loci, along with several hypotheses
about the process of pigment-cell development and survival (Rawles 1947; Lyon 1961; Mintz 1967,
1971a, 1971b; Mayer & Green 1968; Schaible 1969; Jenkins et al. 1981), as they relate to a develop-
mental time line:

e the time before and during specification of the pigment-cell lineage (see section 3.4.1, below);

e the initial migratory phase in the mesenchymal layer, at 9.5-10 days post coitum (dpc; which
means the age of the embryo) in the head region; at 11.5 dpc in the anterior and posterior portions
of the trunk region, and a bit later in the mid-trunk region (Yoshida et al. 1996) (discussed in
section 3.4.2);
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Figure 3.14 White-spotted tortoiseshell guinea pig. Tortoiseshell is a phenotype that can
be caused by several different mechanisms. In the guinea pig, tortoiseshell is autosomal,
not X-linked as in the cat, and is caused by a mutation at the Extension (E) locus that is
presumably homologous to the Recessive yellow (Mc1r, formerly E) locus of the mouse.
Interestingly, recessive yellow mice also, but only very rarely, can exhibit somatic reversion
patches to the nonyellow phenotype (L. Lamoreux, personal observation). The genotypes
of tortoiseshell guinea pigs are ef/eP or eP/e; the latter usually exhibit more red (=yellow
pheomelanin) than the former. Tortoiseshell in the rabbit is also autosomal, is known by some
as ‘Japanese,” and is similarly inherited as e//e/ or e//e. It has been speculated that these
autosomal chimerisms involve gene duplication. An excellent little book about guinea pig
(cavy) genetics is authored by Harry Claus and distributed by the American Cavy Breeders
Association, 16540 Hogan Avenue, Hastings, MN 55033-9576, USA, c/o Lenore Gergen.

Figure 3.15 White-spotted mouse mutant at the Mitflocus; C57BL/6J-Mitf ™o/ Mitfm-ew,
Mice of the genotype Mitf™ ¢/ Mitf™ P (Mi-spotted) appear to be essentially wild type.
Mitf™-ew/ Mitf™€¥ mice are white and microphthalmic.



CHAPTER 3 WHITE SPOTTING AND PROGRESSIVE GRAYING 91

« the secondary migratory period (Wilkie et al. 2002) as the cells begin to move into the epidermis
from about 12.5 dpc (Yoshida et al. 1996); until perhaps 15.5 and 16.5 dpc when the melanoblasts
have colonized all the normally available areas in the epidermis (Jordan & Jackson 2000),
described in section 3.4.5, and, finally,

¢ homing and entry into the hair follicles, which begins during the second migratory phase and
continues until at least a week after birth (Hirobe 1984a) (see section 3.4.7).

3.4.1 Genes required for specification of the pigment-cell lineage in the neural crest

We can operationally define a cell specified to the pigment-cell pathway as a neural-crest-derived
cell expressing MITF or KIT or both, and capable of sustaining their expression. These are
melanoblasts if unpigmented, otherwise melanocytes.

Specification of the melanoblast lineage is poorly understood overall, but is known to require
products of pigmentary genes and signaling genes, as well as ubiquitous housekeeping genes, and
interaction among all these. MITF and KIT are encoded at classical white-spotting loci.

In chick and fish, the first step in specifying melanoblasts from the neural-crest lineage occurs
before the neural-crest cells leave the neural tube, when WNT signaling competes with BMP
signaling. BMP2/ 4 specifies neuronal and glial cells (Dorsky et al. 1998; Jin et al. 2001). In mice, KI'T-
expressing cells that are believed to be specified melanoblasts can be identified in the dorsal neural
tube (Box 3.1d) (Wilson et al. 2004). Using a mouse cell-culture model, Dunn et al. (2005) found that
WNT1/WNT3a act prior to dopachrome tautomerase (DCT) function, probably in the neural
tube, to expand the percentage of cells of the melanoblast lineage before delamination. (DCT is a
melanosomal enzyme discussed in Chapter 4 that is well expressed in melanoblasts as well as
melanocytes, and so is a convenient marker for both.) 8-Catenin (CTNNB), a component of WNT
signaling, is one of the transactivating proteins known to be required for initiation of expression of
MITF (Schepsky et al. 2006).

Two of the classical white-spotting loci that are expressed before melanoblast specification
(Box 3.1Db) are required for normal development of glial/neuronal neural-crest cell lineages, as well
as the pigment-cell lineage, and interact with each other and with other signaling genes to initiate
specification of all three of the neural-crest cell lineages. These loci are: Pax3 (Splotch, Sp) and Sox10
(Dominant megacolon, Dom).

Mutations at the Splotch and Dominant megacolon loci are lethal in the homozygous condition.
They also have pleiotropic effects that indicate the importance of these genes in other lineages.
Heterozygous Pax3% /+ or Sox10°™/+ mice have similar spotting phenotypes consisting of a large
belly spot with well defined outlines. Shown in Figure 3.16 is a Pax3°?/+ mouse. Pax3 and Sox10
both encode transcriptional activators that act directly, as well as synergistically, with other cellular
proteins, to regulate transcription of the major organizing gene of the pigment-cell lineage, Mitf
(Bondurand et al. 2000; Chi & Epstein 2002). Also involved in these regulatory interactions is Brn2
(not one of the classical murine pigment genes) (Cook & Sturm 2008). Physical interactions
between BRN2 and PAX3, BRN2 and SOX10, and SOX10 and PAX3 have been reported (Smit et al.
2000). Additionally, the ability of SOX10 and PAX3 to mediate synergistic transcriptional activation
of the MITF promoter is well established (Bondurand et al. 2000; Potterf et al. 2000).

Splotch (Sp, Pax3, Paired box gene 3)
JAX lists five spontaneous phenotypic alleles.

Availability: HAR, JAX, ORNL, and MMRRC (see Appendix in Chapter 1 for details about
repositories).
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Figure 3.16 Splotch mouse, one example of the belly spot phenotype. The belly spot is
a common phenotype, alone or in combination with other defects. When it is associated
with a genetic defect that acts autonomously in the pigment cell, the belly spot suggests
that numbers of melanocytes, at the end of their developmental pathway, are somewhat
insufficient in quantity. This insufficiency might be the result of processes at any stage of
development. We already know that PAX3 and SOX10 are required very early in
development. The discrete nature of the spotting, with well-defined boundaries, suggests
that PAX3 and SOX10 are not required for later steps in pigment-cell development (as
discussed below relative to the second migratory phase of pigment-cell development). This
phenotype is consistent with melanoblast deficiency at the time of specification or during
the first migratory phase of development (Nishikawa et al. 1991).

In humans PAX3 defects can cause Waardenburg syndrome type I, defined as defects in ear, eye, and
facial development with white spotting, as well as spina bifida (Read & Newton 1997).

PAX3 defects are lethal in the homozygous condition, reflecting its important functions before
and during neurulation: PAX3 is required for normal development of the neural tube, the
melanocyte lineage, and the embryonic paraxial mesoderm. Heterozygous Pax3%/+ mice exhibit
white spotting and more or less severe neural-tube defects. However, they are well covered with pig-
ment cells, depending somewhat on strain background, except for a large white belly spot and
extension of the unpigmented areas of the extremities.

Pax3 influences melanocytic proliferation, resistance to apoptosis, migration, and lineage specificity
and differentiation. It performs this multitude of tasks via multiple interactions with cofactors and
other proteins (Kubic et al. 2008) that vary in different tissues and different stages of the life cycle.
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Dominant megacolon (Dom, Sox10, SRY-related box 10)

JAX lists one spontaneous phenotypic allele.
Availability: CMMR, HAR, JAX, MMRRC, and ORNL.

SOX10 is another transcription factor which regulates genes including Mitf, Kit, and Dct, synergisti-
cally with PAX3 and/or other factors. In mice, normal SOX10 is required prior to (Box 3.1) and after
specification in melanoblasts and the other neural-crest cell lineages (Southard-Smith et al. 1998;
Potterf et al. 2001; Mollaaghababa & Pavan 2003). In all three lineages SOX10 interacts with the
products of the Piebald/ Ednrb and Lethal spotting/ Edn3 loci, which function later (days 10-12.5; Shin
et al. 1999; Hakami et al. 2006) in the migration/replication of neural, glial, and pigment-cell line-
ages. Mutant phenotypes at any of these loci include white spotting and megacolon. Megacolon is a
congenital failure of peristalsis in the distal gut that results from inadequate innervation and results
in intestinal obstruction. Thus, all of these genes are required for normal development of pigmen-
tary and autonomic nervous systems. Ednrb and Edn3 are required during the first migratory phase
of melanoblast development, and are therefore discussed below. Mutations of Dom are dominant.
Heterozygous Sox10P°™/+ mice usually die of megacolon before maturity. Sox10 defects are lethal in
utero in the homozygous condition.

SOX10 functions to maintain pluripotency of early migrating neural-crest cells, after they have
left the immediate vicinity of the neural tube (Hosada et al. 1994; Kim et al. 2003; Lee et al. 2003;
Wegner 2005). In Xenopus, SOX10 is required for the earliest development of neural crest; it is
induced by both FGF and WNT signals (Aoki et al. 2003; Honor¢ et al. 2003) and is responsible for
the upregulation of the endothelin receptor B in enteric neural-crest cells (Zhu et al. 2004). In mice,
SOX10 is required prior to and after specification in all the truncal neural-crest cell lineages.

SOX10 has multiple functions in vertebrate development because of its ability to partner with dif-
ferent transcription factors (Southard-Smith et al. 1998; Potterf et al. 2001; Mollaaghababa & Pavan
2003). Itis required during the first migratory stage of development of cells of all three neural-crest cell
lineages; based on its phenotype, it may not be required after the early stages of melanoblast migration.

Human syndromes that involve SOX10 include Waardenburg syndrome type IV, which involves
megacolon as well as the symptoms of Waardenburg syndrome type I, and Hirschsprung disease
(aganglionic megacolon).

3.4.2 Genesrequired for the initial melanoblast migration

The first stage of melanoblast migration runs from the initial delamination of melanoblasts from
the neural tube to the time that they move into the developing epidermis. Expression of KIT and
MITF (the melanocyte isoform, MITF-M) is the earliest indicator of specification to the melanoblast
lineage, as described above. Upon specification, a population of neural-crest cells expressing KIT
and/or MITF become apparent mid-dorsally in the neural tube (Opdecamp et al. 1997; Nakayama
etal. 1998; fig. 2 in Wilson et al. 2004). They delaminate from the neural tube and make their way to
the MSA (Weston 1991). The MSA forms a narrow wedge between the neural tube, the overlying
ectoderm, and the dermatome of the developing somite, as described in section 3.2. In mice,
ventrally migrating cells specified to the neural and glial lineages are reported to emerge earlier, and
from a more ventral part of the neural tube than those that will migrate dorsolaterally (Wilson et al.
2004). In the trunk, the dorsal neural tube is the earliest reported site of cells expressing KIT (Wilson
etal. 2004) or MITF (Nakayama et al. 1998).

Melanoblasts may pause, while actively replicating, for up to halfa day or so in the MSA (Wehrle-
Haller & Weston 1995), after which they continue migrating dorsolaterally, over the lip of the
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Figure 3.17 Microphthalmic mouse. This mouse is of the genotype C57BL/6J-MitfM-8/
MitfM-B_This is the Brownish allele of the Microphthalmia (formerly Mi) locus, so named
because the heterozygote is more pale than wild type, and appeared brownish on the
agouti background upon which it was found. A nonagouti black mouse that is heterozygous
at this locus is somewhat reduced in pigment intensity. This homozygous mutant mouse
displays absence of pigment cells from the skin and hair as well as microphthalmia,
illustrating the requirement of MITF for development of the eye and the pigment cells.

developing somite and along its surface toward the ventrum, again while replicating rapidly. For the
melanoblasts to accomplish this initial migration successfully, they require five of the classical
white-spotting loci. These are: Mitf (Mi, Microphthalmia, Microphthalmia-associated transcription
factor; Fig. 3.17), Kit (W, Dominant white spotting), Kitl (formerly Steel, Sl), Ednrb (Piebald ), and Edn3
(Lethal spotting).

MITF is a transcription factor that plays a central regulatory role in pigment cells throughout
theirlifetime. MITF is also required for the development of mast cells (Morii et al. 1996), osteoclasts,
and natural killer cells, and is required for normal development of the heart (Tshori et al. 2006). It is
encoded at the Mitf locus. KIT is an RTK cell-surface receptor encoded at the Kit locus, and required
for the development of melanoblasts during the migratory phases (Satomi Nishikawa et al. 1991), at
least until they reach their destinations in the hair follicles and other locations, and subsequently
during each hair cycle. KIT functions by binding KITL encoded at the Kitl locus. In mice, EDNRB
functions in melanoblasts primarily by binding EDN3.

Microphthalmia (Mi, Mitf, Microphthalmia-associated transcription factor)

JAXlists 13 naturally occurring phenotypic alleles.
Availability: CMMR, JAX, MMRRC, ORNL, RBRC, and TIGM.

MITF defines a discrete transcription factor family (Hemesath et al. 1994; Hershey & Fisher 2004).
The broad impact of MITF throughout melanoblast development means that phenotypes of
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mice mutant at Mitfvary greatly, depending upon the mutant allele, the effect of the lesion upon the
function of the MITF molecule, and the stage(s) of melanoblast development being impacted
(Steingrimsson 2008; Steingrimsson et al. 1994, 2003, 2004; Moore 1995). When we created mice
heterozygous for Mitf™"* with other Mitf mutant alleles, we observed that the white-spotting and
fading-with-age phenotypes fall into classes that may prove useful in evaluating the various func-
tions of MITF in relation to different developmental times. For example, mice heterozygous for null
alleles, combined with Mitf ™", all appear very similar. Phenotypes of mice mutant at a sampling of
these alleles are represented in Figures 3.18 and 3.19. A more extensive survey of phenotypes and
photographs of mice mutant at Mitfis given in Steingrimsson et al. (2003), where interallelic com-
plementation with Mi™" is discussed. Many questions about this fascinating gene locus remain to be
answered, and most of the mice are available, congenic with C57BL/¢]J, at MMRRC (see Appendix
in Chapter 1 for details about repositories).

MITE-M, the pigment-cell-specific spliced form of MITE functions in the nucleus of the pigment
cell to respond to environmental cues imposed by the signaling molecules, and to activate pigment-
cell-specific genes during cell differentiation. MITF-M is necessary for pigment-cell survival at all
developmental stages. Other isoforms of MITF function in several other cell types; they have
alternative first exons (Steingrimsson 2008), are transcribed from their own specific promoters, and
activate other genes appropriate to those cell types (Udono et al. 2000; Shibahara et al. 2001;
Steingrimsson et al. 2004; Levy et al. 2006).

MITE-M binds to a set of DNA sequences known as M-boxes (or as a subset of E-boxes) in gene
promoters, comprising (T)CATGTG(A), sometimes with additional conserved flanking sequences.
The genes known to be activated by MITF-M have been reviewed by Vance and Goding (2004),

Figure 3.18 White-spotted mouse C57BL/6J-MitfM-"" MitfM-sp. Note the evidence of
eumelanism dorsally. This tends to become somewhat more pronounced in older mice
of this genotype. Another very similar phenotype is seen in mice of the genotype
MitfMFwhy Mitf™ but in that case the dorsal tendency to eumelanism becomes less
pronounced with age.



96 PART Il THE PIGMENTARY LOCI

Figure 3.19 The phenotypes of mice that are heterozygous for mutations of Mitf are likely
to be informative of the varied functions associated with the locus. These are all of the same
inbred strain, C57BL/6J. Unless otherwise stated, mutant alleles are in heterozygous
combinations with Mitf™-°, which when homozygous gives a black mouse appearing
similar to wild type. (a) MitfM-B_ (b) Mitf™-. (c) Mitf™-"/Mitf™-v929, showing a bilateral
difference in expression of microphthalmia. (d) Mitf"-©", highly variable in expression of
microphthalmia. (e) Mitf™-2%/ Mitf™-bw (black-eyed white). (f) Mitf™vit/Mitf™-ew_(g) The
black mouse is homozygous for Mitf™-s°, the white, microphthalmic mouse is homozygous
for MitfM-wh_and the third mouse is heterozygous for both: in this case microphthalmic in
one eye but usually the eyes are grossly normal. (h) The spotted phenotype of Mitf™-sP in
combination with null alleles, Mitf™, Mitf™-€", or Mitf™-9as,
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Steingrimsson et al. (2004), and Levy et al. (2006). Together with some more recent additions
(Fig. 3.9), they include:

¢ genes involved in melanogenesis — Dct, Mlana (Mart1), Oca2 (P), Slc45a2 (Aim1, Matp, uw), Si, Tyr,
and Tyrp1 —and in activating melanogenesis, Mc1r;

¢ genesinvolved in cell proliferation and motility: Cdk2, Kit, Met, Snai2/ Slug, and Thx2;

» genesinvolved in cell survival: Bel2 and Hifla;

» genesinvolvedin inhibiting cell proliferation (perhaps only at high levels of MITF, as these are not
normally expressed by melanocytes): Cdknla/p21 and Cdkn2a/p16.

There are clearly further levels of complexity involved, for example, in generating the different
levels of gene expression seen in melanoblasts and melanocytes. Thus, MITF-M is sensitive to many
inputs and regulatory controls (Watanabe et al. 1998, 2002; Wu et al. 1999b; Goding 2000; Vance &
Goding 2004), including importantly the products of two other classical white-spotting genes, Pax3
and Sox10. Both encode activating transcription factors that were described above as being neces-
sary for specification. They act directly and synergistically with other cellular proteins, to regulate
transcription of Mitf (Bondurand et al. 2000). The other transcription factors implicated to date in
regulation of the MITF-M promoter include CREB, LEF1, and ONECUT?2 (Fig. 3.9), with each
factor conferring on this promoter the capacity to respond to specific signals. 8-Catenin and LEF1
function in the WNT signaling pathway (section 3.2), and both have been shown to impact pigmen-
tation in vitro and in genetically manipulated mice (Saito et al. 2003). CREB is a transcription factor
that is responsive to cAMP. Pigment cells are sensitive to cAMP level, which (with other factors) is
involved in regulating both melanocyte differentiation (Bennett 1989; Busca & Ballotti 2000) and
the pheomelanin/eumelanin switch mechanism (Chapter 5).

MITF is the central organizing molecule of the pigment cell, the ‘hub’ of the network of
melanogenic functions, if you will, and it functions similarly in some other tissues — eye, ear, and
heart — using alternative promoters (Steingrimsson 2008). As a transcription factor that interacts
differently with multiple other proteins and is required for pigmentation, MITF presumably has
different functions during specification, the first migratory phase, the second migratory phase of
pigment-cell development, and in the maintenance of stem cells and their cyclic generation of
melanocytes in the hair follicle.

We are just beginning to understand in what ways MITF may be responsible for directing
or coordinating development of the pigment cell (Steingrimsson et al. 2004). The multiplicity of
different phenotypes resulting from mutation at Mitf presumably reflects its multiple functions
(Steingrimsson et al. 2003) and ranges from absence of pigment cells because of failure at the earliest
stages of melanoblast development to, at the end of development, graying with age that reflects
defective repopulation of hair follicles following the molt cycle.

3.4.3 Primary controls over the initial melanoblast migration: what does white spotting tell us?

Before continuing the discussion of genetic mutations that interfere with normal development of
neural-crest cells, it is important to emphasize their normal behavior (that is, in vivo). Normal
neural-crest cells have a very great capacity to replicate and migrate away from each other in a per-
missive environment (in melanoblasts, such an environment would include KITL) unless they are
inhibited by contact with other neural-crest cells. In Xenopus, this capacity is expressed by the cells
on the periphery but not those that are surrounded by other neural-crest cells, and it requires WNT
signaling (Carmona-Fontaine et al. 2008). This normal capacity is required to explain the normal
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and abnormal pigmentary phenotypes of mice that are generated in their first and second
migratory expansions.

In the mouse (Wehrle-Haller & Weston 1995), but not in chick (Harris & Erickson 2007), the rela-
tionship between KIT expression on the melanoblast and KITL expression in the initial migratory
pathway is essential to survival, replication, and migration of melanoblasts from the melanoblast
staging area on to and along the dorsolateral pathway (Wehrle-Haller & Weston 1995; Wehrle-
Haller 2003). Soluble KITL is required for replication of the specified cells as they make their way
through the MSA (Box 3.1e). Then (in mice) the availability of KITL produced on the cellular
substrate through which the melanoblasts must migrate determines the tissues available to
melanoblast occupation and the migratory pathway of the pigment-cell lineage (Wehrle-Haller &
Weston 1995). During the first migratory event EDNRB and its ligand EDN3 are also required.

KIT and KITL are required for melanoblast survival and replication during migration, until the
cells arrive at the hair follicle (Yoshida et al. 1996). The phenotypes of mice mutant at Kit or Kitl are
especially useful for visualizing the initial migratory events, because the effects on these early steps
are not obscured by normal function at later stages in mice mutant at these loci, as will be shown.

Kit (c-Kit, W, Dominant white spotting)

JAX lists 66 spontaneous phenotypic alleles.
Availability: CMMR, HAR, JAX, MMRC, ORNL, RBRC, and TIGM.

KIT (encoded at the Kit locus, formerly W or Dominant white spotting) is an RTK cell-surface recep-
tor that floats in the lipid surface membrane of the pigment cell. KIT functions as a dimer when it
binds its ligand. Its ligand is KITL (encoded at Kitl, Kit ligand, formerly the Steel, Sl locus: see next
section). The binding of KITL to KIT activates replication, migration, and survival of the
melanoblast and melanocyte.

In mice with mutations at Kit the pigment cells are unable to respond normally to KITL.
Therefore, the phenotype of homozygous Kit or Kitl mutant mice is usually black-eyed white with
deafness, because the neural-crest-derived melanoblasts fail to survive beyond the earliest stages
in the MSA (Wehrle-Haller & Weston 1995). By contrast, the RPE of the eyes is not derived from
neural crest, and its cells are not KITL-dependent; therefore the eyes are pigmented.

In heterozygotes, however, where a mutant protein is present as in the Kit"?/+ mouse
(Fig. 3.20), and because the KIT receptor functions as a dimer, 25% of receptors will be normal
dimers, permitting survival and migration of some of the melanoblasts. Null alleles such as Kit"
give a milder phenotype when heterozygous, because there is no abnormal protein product. Thus
although only half the normal amount of KIT protein is produced, all of it is capable of forming
normal dimers. The phenotypes of mice mutant at Kit reflect these differences by the amount of
pigmentation coverage over the surface of the body.

The heterozygous mice in Figures 3.20 and 3.31 (see below) exhibit the same type of ragged-
edged spotting caused by the same mutant allele, with more or less white and pigmented areas
resulting from differences in the background genomes. This distinctive phenotype differs from the
phenotypes of mice that are capable of a normal secondary migration event (for example, Fig. 3.24,
see below) and is characteristic of mice mutant at the structural portion of Kit, if they are
pigmented.

Exceptions to this phenotype are caused by several phenotypic mutations (Patch, Rumpwhite,
Sash, and Banded are the classical examples) that impact the regulatory region of the Kit locus. These
are discussed below.
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Figure 3.20 C57BL/6J Kit"-?//+ mouse.

While KIT and its ligand may not be required for the entire duration of melanoblast develop-
ment, they appear to be required for survival, migration, and proliferation of melanoblasts in the
dermal layer during the first migratory phase (Matsui et al. 1990; Murphy et al. 1992; Steel et al.
1992; Morrison-Graham & Weston 1993; Reid et al. 1995; Wehrle-Haller & Weston 1995;
Langtimm-Sedlak et al. 1996; Cable et al. 1995), and for their migration into the epidermis and
thence to the hair follicles ( Yoshida et al. 1996) (Box 3.1e—g); in other words, during the times when
the melanoblasts are migrating and replicating rapidly.

With regard to migration, it is also interesting to note that yellow Kit"#/+ mice are almost
completely pigmented, with only a small belly spot and without the ragged-edged phenotype of the
spotting (Lamoreux & Russell 1979) compared with congenic nonyellow littermates. When the
pheomelanic phenotype is caused by mutation at the Mc1r locus (formerly known as the Extension
or the Recessive yellow locus) the reduction of the white spotted area is somewhat less than in
pheomelanic mice of the genotype A”/a, mutant at the Agouti locus (M.L. Lamoreux, personal
observation). Thus mice of the genotype C57BL/6J-A*/a Kit"¥/+ have only a small belly spot,
compared with the C57BL/6J-a/a Kit"¥/+ mouse shown in Figure 3.20. Because these mice are
not pigmented during their embryonic development, this suggests that some factor of the pathway
involved in generating yellowness provides a survival value for cells that are mutant at Kit.

Pigment-cell survival is also influenced by location on the body of the mouse. For example, the
heads and rumps of the Kit"#¥/+ mice in Figures 3.20 and 3.31 are more pigmented than
the middle. This is characteristic of C57BL/6 mice, and will be further discussed below. The
significance here is to point out that the normal survival of the pigment cell does require a normal
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Kit genotype, but also requires other factors that depend on the location of the cell on the mouse.
That at least some of these are factors of the environment, rather than the pigment cell itself or the
Kit genotype, is shown by the fact that they vary with strain background (Lamoreux 1999).

KIT is also required for development of mast cells, red blood cells, germ cells, interstitial cells of
Cajal, and others. Thus, the pleiotropic effects of Kit mutants have informed all of these systems
(Geissler et al. 1981; Geissler & Russell 1983a, 1983b; Yasuda et al. 1993; Galli et al. 1993; 1994;
Kimura et al. 2004).

And once again, because the patterns of migration of pigment cells from their origin in the
neural crest to their destination in the hair follicle are primarily determined by KIT and its ligand,
mutants of Kit and manipulations of KIT in mice have been used to analyze these patterns.
Nishikawa, Yoshida and coworkers (Nishikawa et al. 1991; Yoshida et al. 1996) injected an antibody,
anti-c-KIT (ACK), which inhibits KIT, into pregnant mice with normal KITL (thus normal areas that
are available to pigment-cell immigration), Based on distribution of pigmentation in the offspring,
they described three primary phases of melanoblast replication/migration that require functional
KIT during pigment-cell development. The phases have been used as divisions in this chapter. They
are as follows.

1 Aninitial migratory stage of specified melanoblasts on to the dorsolateral migratory pathway and
their replication/migration on and in the dermatomes, which express KITL while breaking up
into dermis (Box 3.1e & ).

2 Asecondary migratory phase of replication/migration after the melanoblasts arrive in the epider-
mis (Box 3.1g). Beginning on about embryonic day 14.5, expression of KITL in the dermis ceases,
expression of KITL is initiated in the basal layer of the epidermis, and the melanoblasts follow the
KITL into the basal layer of the epidermis (Wehrle-Haller 2003). In the epidermis, the
melanoblasts undergo a second phase of KIT-dependent replication ( Yoshida et al. 1996). In a nor-
mal embryo at 14.5 dpc, the secondary migration results in the distribution of melanoblasts
‘evenly over the entire body surface except for the umbilical, digital and tail tip regions’ (Yoshida
etal. 1996). (This distribution of pigmentation is typical of normal newborn mice of the C57BL/ 6]
strain and related strains.)

3 Thirdly is the subsequent movement of melanoblasts into the hair follicles.

Steel (SI, Kitl, Kit ligand, SLF, Steel factor; MGF, Mast cell growth factor; SCF, Stem cell factor)

JAX lists 18 spontaneous alleles.
Availability: HAR, JAX, NMICE, MMRRC, ORNL, RBRC, and TIGM.

The Kitllocus encodes KITL, a transmembrane growth factor which is translated from two alterna-
tively spliced transcripts. The larger form contains exon 6, which codes for an extracellular protease
cleavage site. Cell-surface proteases readily cut the protein at this site, releasing a soluble form of
KITL into the extracellular fluids. The smaller splice variant does not contain exon 6 and so remains
intact in the cell membrane (Wehrle-Haller & Weston 1995).

KITL functions on cell surfaces in the tissues through which the melanoblasts must migrate and
in the extracellular fluid in the case of soluble KITL. Although other modifying factors influence the
pattern of migration of the melanoblasts, KITL is the primary determinant of the locations that are
available to occupation by normal melanoblasts. Normal KITL defines the location, and of course
interacts with other factors of the tissue environment, some of which are not white-spotting
gene loci (Wehrle-Haller & Weston 1995; Lamoreux 1999; Rhim et al. 2000). The ability of the
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melanoblasts to respond to KITL and survive in those locations is determined at the Kit locus and
other white-spotting loci that are autonomous to the melanoblast.

The earliest normal melanoblasts delaminate into the MSA, as described above, expressing the
cell-surface receptor KIT. These earliest specified melanoblasts respond to the presence of soluble
KITL, released from the cells of the nearby dermatome (Box 3.1b). They are thus able to survive
and replicate in the MSA and move along the concentration gradient of KITL toward the lateral
migratory pathway. Figure 2 in Wehrle-Haller and Weston (1995) suggests that, by the time the
melanoblasts leave the MSA, they have replicated sufficiently to fully occupy the MSA.

The availability of soluble KITL is sufficient to enable replication and survival of the initial
melanoblasts, and their progression from the MSA to the lateral migratory pathway. For their con-
tinued migration through the tissues, as well as survival and replication, the melanoblasts require
the membrane-bound form of KITL on the cells of the substrate since this stage of migration fails in
KitlSt4/Kit1** mice, which lack transmembrane KITL (Wehrle-Haller & Weston 1995). KIT and
KITL are also required for development of other systems in the mouse, including, significantly,
hemopoietic and reproductive systems. Mice lacking either protein often die of anemia shortly after
birth. Mice that lack functional KITL are black-eyed white in phenotype, phenocopies of mice that
lack KIT, and for similar reasons.

The pigment phenotypes of mice that are heterozygous for mutations at Kitl differ dramatically
from the phenotypes of Kit" mutant heterozygotes (compare Figs 3.20 and 3.21), and the difference
reflects the tissues in which the proteins are expressed. KIT is on the migrating cells while KITL
expression is required on and around the cells of the tissues through which the melanoblasts
migrate (Mayer & Green 1968; Mayer 1973a, 1979; Zsebo et al. 1990; Rottapel et al. 1991; Brannan
etal. 1991; Bedell et al. 1996; Mizoguchi 2004).

Figure 3.21 Steel mice, JU/CtLm-Kit/S-9+, flanking a normal control JU/CtLm-+/+ mouse.
Heterozygous mice are very pale ventrally.
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Figure 3.22 VIB (Very Important Baby); parents were both heterozygous Steel-Dickie,
C57BL/6J-Kit/S9+, as in Figure 3.21.

Because KITL functions as a dimer, some normal growth-factor dimers are available in Steel
heterozygotes to support melanoblast development, but a finely scattered array of areas lack
melanoblasts, resulting in the overall grayish phenotype seen in Figure 3.21. Illustrative of this
phenotype is the apparently unique mouse illustrated in Figure 3.22, which we considered a very
important baby mouse, hence his name, VIB. This mouse was born to Kitl®*//+ parents but
appeared to be a chimera, having Kitl*/Kitl"* stripes which were white and +/+ (or perhaps
Kitl/+) stripes which were pigmented (M.L. Lamoreux, personal observation). To compare
with this anecdotal data is the similarly unique dog pictured in Fig. 3.25, see below). The dog is
a presumed chimeric of a phenotype that is autonomous to the pigment cells, while the mouse is
a presumed chimeric of a pigment phenotype that is imposed by the tissues surrounding the
pigment cell.

Kitl/+ mice often have white belly spots, which we have interpreted as an indication of
insufficient numbers of migrating melanoblasts (Fig. 3.16) or subsequent death. In addition to the
variable belly spot, the Kitl*!/+ mouse always has a very pale ventrum. The demarcation between
the darker dorsal and lighter ventral pigmentation is similar in its location to that seen in black-and-
tan mice, which are discussed in Chapter 5.

Piebald (S, Ednrb, Endothelin receptor type B) and Lethal spotting (Ls, Edn3, Endothelin 3)

Piebald: JAX lists three spontaneous phenotypic alleles. One of these alleles is known as Piebald
lethal, not to be confused with Lethal spotting.

Availability: ORNL, CARD, JAX, MMRRC, and RBRC.

Lethal spotting: JAX lists one spontaneous phenotypic allele.

Availability: MMRRC and JAX.

In humans, mutations in either of these genes result in Waardenburg—Shah-type syndrome, charac-
terized by pigmentation defects, deafness, and megacolon. All of these symptoms reflect failure of
migration of neural-crest cells. Piebald and Lethal spotting are distinct white-spotting loci (Fig. 3.23).
Piebald lethal, though sometimes confused with Edn3" (Lethal spotting), is actually an allele at the
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Figure 3.23 White-spotted pony, bay in color. The important difference between this pony
and the chimeric animals to be discussed in section 3.4.4 is that the chimeric animals
(unless of course they are also white-spotted) are fully pigmented. The white areas on

a white-spotted animal represent areas that have no pigment cells and therefore are not
pigmented. Wild type in the horse as in most other animals involves both eumelanin and
pheomelanin, distributed over the body or along the shafts of individual hairs in species-
specific patterns that are genetically controlled (discussed in Chapter 5). In the horse, wild
type is bay, including variations that are sometimes known as brown if they are darker than
this pony or blood bay or bright bay if the body is less eumelanic. Bay equines have black
mane, tail and points (lower legs) unless other modifying genes are present. This pony also
has white spotting, which is not related to the color of the pony.

Piebald (Ednrb) locus. Piebald encodes a G-protein-coupled cell-surface receptor, EDNRB, which is
capable of binding more than one ligand, including endothelins 1 and 3 (EDN1, EDN3) (Hosada
et al. 1994), and in the mouse interacts with EDN1 in development of the head (see section 3.5).
However, in murine development of truncal pigmentation, and of the enteric nervous system,
EDN3 is the primary ligand of EDNRB (Baynash et al. 1994; Pla & Larue 2003).
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EDNG3 is an extracellular ligand of EDNRB, encoded at the Lethal spotting locus of mice and
expressed in tissues surrounding the neural-crest cells (see section 3.3). The binding of EDN3 to its
receptor EDNRB is required for the development of both the neural-crest-derived neuronal and the
pigment-cell lineages (Mayer 1965; Pavan & Tilghman 1994; Shin et al. 1997) in mouse embryos
from 10 dpc until 12.5 dpc. It is not required for the second stage of migration and rapid replication
in the truncal epidermis (Shin et al. 1999), but may be necessary for differentiation of melanocytes
(Hou et al. 2004). EDN3 is apparently not expressed in the head region of mice, where the ligand for
EDNRB is EDN1, an observation that probably explains some pigmentary differences between the
head and trunk. From 10 to 12.5 dpc, the melanoblasts and the enteric neuroblasts are migrating
and replicating. The similarities and differences of the two processes are interesting. At the level of
cellular messaging and at the level of tissue interactions the major signals are similar, with defining
exceptions, and illustrate once again a situation in which a pigmentary mutation led to our greater
understanding of other systems of the body.

Briefly, in the trunk, neural-crest-derived glial and neuronal precursor cells populate the develop-
ing colon primarily from the anterior end but to some extent from the posterior end forward, by a
complex process of replication and migration, associated with contact inhibition. This is coor-
dinated by EDN3, EDNRB, and SOX10 (discussed above, encoded at the Dom locus). The probable
function of the EDNRB/EDN3 coupling is to maintain a sufficient pool of undifferentiated migrat-
ing cells to accomplish these tasks (Hearn et al. 1998; Wu et al. 1999a). Both SOX10 and EDNRB are
expressed in the migrating enteric nervous system cell (Zhu et al. 2004). An enhancer of Ednrb is
activated in the enteric-nervous-system precursors as they approach the developing colon. The
enhancer contains binding sites for SOX10 (Zhu et al. 2004). Failure of this process explains the
megacolon of piebald or lethal spotted mice, as well as Sox10”°™ /+ mice, as discussed above.

At the same developmental time, melanoblasts are leaving the MSA, entering their own migra-
tory pathway, and migrating ventrad to complete their first migratory event.

Failure to complete this migration results in the characteristic white spotting of Piebald or Lethal
spotting mice, which are very similar to each other. Figure 3.24 shows a Lethal spotting mouse with

Figure 3.24 Lethal spotting mouse showing white spotting and megacolon phenotypes,
C57BL/6J-Edn3'/Edn3s. Phenotypes of Piebald mice are very similar to those of Lethal
spotting mice. In both cases, transfer to a JU background significantly alters the location of
spotting toward the anterior of the mouse, and the variability of phenotypes produced in the
process of the backcrossing suggest that both Lethal spotting and Piebald interact with
more than a few ‘modifying genes’ of the background genome (L. Lamoreux, personal
observation). Primary among them may be Kitl (Steel) (Rhim et al. 2000).
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white spotting and megacolon. The unpigmented areas are consistently located in the trunk region
of the mice; larger or smaller depending upon the mutant allele and located more or less anteriorly
depending upon other modifying loci (Lamoreux 1999; Rhim et al. 2000). The spots are discrete,
with well-defined boundaries, quite different from the quality of spotting in mice mutant at
Kit (compare with Fig. 3.20), and are usually more extensive than those of Splotch or Dominant
megacolon heterozygotes, although with the same discrete character of their boundaries.

We propose that the sharp outlines to the white spotting are created by clonal expansion during
the second migration/replication event, after the cells have arrived in the epidermis where EDNRB
or EDN3 are not required for their further development.

Summary of what white-spotting phenotypes have told us about the first migratory phase of
pigment-cell development

Phenotypes and gene functions of mice mutant at the major white-spotting loci discussed above
have informed us that initiation of the pigment-cell lineage is very complex, involving two classical
white-spotting gene loci [Splotch (Pax3) and Dom (Sox10)] and many other loci to specify the
melanoblast lineage, which is defined by continuing expression of KIT and MITE. From that point,
KIT and KITL are required to direct the melanoblasts through every phase of replication/migra-
tion, while EDNRB and EDN3 are required during the first major replication/migration event.
During the first migratory event, the melanoblasts replicate rapidly while migrating from the MSA,
through the dermatome and dermis toward the ventrum of the mouse. Further information about
this first phase of melanoblast development, from specification until the end of the dorsoventral
migration, has been elucidated using chimeric mice that are fully pigmented and chimeric mice that
are white spotted, as discussed in the next section.

3.4.4 Chimeric phenotypes of fully pigmented mice inform the normal processes of specification and
the first phase of melanoblast migration

The all-white phenotypes of mice that are homozygous for mutations of Mitf, Kit, or Kitl tell us what
happens when specification fails or the specified cells fail to survive; that is, there are no pigment
cells. However, because of the long migratory pathway of pigment cells subsequent to specification,
the information gained from phenotypes representing early melanoblast death may not be directly
relevant to normal specification and early migration. For more information on that subject we turn
to a phenotype of mice and other mammals whose melanoblasts survive in normal numbers. They
have no white spotting, but their melanoblast lineages are formed from chimeric tissues of contrast-
ing colors. We use the word chimera here not only for an animal comprising tissues of two or more
different genotypes, but also for an animal expressing more than one color phenotype from the
same genotype; for example, following X inactivation, as will be explained.

Tortoiseshell phenotype

One type of chimeric phenotype is known as ‘tortoiseshell,” a term taken from the tortoiseshell cat
which is chimeric as a result of a cell-autonomous X-linked gene that determines whether pigment
cells will produce yellow or nonyellow pigment (Lyon 1961). More broadly, ‘tortoiseshell” will
refer here to any phenotype of melanoblast-autonomous pigmentary chimerism in the absence of
white spotting. The phenotype itself may result from any process that generates chimerism of
viable melanoblasts. These processes include X-linkage, as in the tortoiseshell cat (Fig. 3.26) and
Cattanach’s translocation in the mouse (Fig. 3.28, Fig. 3.29). In females, one X chromosome is
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Figure 3.25 This highly unusual Labrador retriever sired yellow pups and nonyellow pups
but no chimeric pups, as would be expected if he is the result of an accidental embryo
fusion event (Sponenberg & Bigelow 1987). Photograph courtesy Philip Sponenberg.

inactivated randomly in each cell in the early embryo, in the mouse at the time of implantation; the
cell’s progeny then all retain that specific inactivation, forming a contiguous patch once cell mixing
stops in a given tissue. The processes also include embryo aggregation, natural or artificial, as
represented by allophenic mice (see below), and as we guess to be represented by the dog in
Figure 3.25; early somatic reversion, as in the Pink-eyed unstable mouse (Whitney & Lamoreux 1982)
(Fig. 3.29); autosomal genotypes such as Japanese in the rabbit (Fig. 3.27); and the tortoiseshell
guinea pig (Fig. 3.14); and radiation-induced chimerism (Russell 1978).

Allophenic is the term used by Beatrice Mintz (1967, 1971a, 1971b) to refer to mice that are
produced by mixing together genetically different morula-stage embryos and allowing them to
complete development as one animal. Other methods of artificially creating chimeric mice produce
similar phenotypic results (for example, Jaenisch 1985; Huszar et al. 1991). The resul, if the genetic
alternatives regulate a pigmentary phenotype that is autonomous to the pigment cell (usually
alleles of melanogenic enzymes such as TYR or tyrosinase-related protein 1 (TYRP1) as discussed in
Chapter 4, or Recessive yellow/MCI1R as discussed in Chapter 5), is chimeric mice of a ‘tortoiseshell’
phenotypic pattern.

One of the advantages of the pigmentation model for study of gene functions and relationships is
that the phenotype is visually evident and so can be easily used to generate and evaluate hypotheses
relative to genetic functions. Tortoiseshell is a perfect example. The tortoiseshell cat is a well-
established chimera, as are the artificially created tortoiseshell animals.

Tortoiseshell phenotypes played a significant role in interpreting chimerism (allophenism) in the
theories of Mintz (1967, 1971a, 1971b) regarding clonal development of the melanoblast lineage.
The core element of her theory of pigment-cell development is that the earliest specified melanoblasts
give rise to clonal descendants that migrate laterally, while replicating, to generate normal mam-
malian pigmentation. The fact that such chimeras can be created so that they express two different
genotypes of cell-autonomous pigment colors permits us to visualize the end result of the early
melanoblast migration. This theory has continued to inform our studies of melanogenesis and
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Figure 3.26 This is a tortoiseshell cat. Tortoiseshell cats are chimeric because of
heterozygosity at a gene located on the X chromosome that determines whether
pigmentation will be pheomelanic or normal. Therefore tortoiseshell cats are always
females (except for the occasional XXY male, in which one of the X chromosomes is
inactivated in a fashion similar to what happens normally in females). The X-linked

yellow/nonyellow gene in the cat is known as Orange (the orange, or yellow, phenotype in

the catis commonly known as red, or ginger). The genotype of this catis O/O*.

appears to be accurate in its essence. The lateral migration has been confirmed as discussed above.
Thus the tortoiseshell phenotype, as defined herein, is a pigment pattern that reflects the clonal

descent and the first migratory pathway of early melanoblasts in the absence of white spotting.
The necessary conditions for a tortoiseshell phenotype are three, as follows.

Chimerism for a cell-autonomous trait that affects pigment color. This chimerism presumably
does not change the developmental processes, but conveniently visualizes them via the color of
the pigment cells.

Clonal origin of the genetically different populations of cells from which melanoblasts arise. The
coincidence of phenotype with other sorts of evidence discussed in sections 3.2 and 3.3 and sum-
marized above supports a clonal origin of the cells that give rise to the pigmentary lineage. Of
course, all cells of an embryo arise from a clonal origin, but there is a question about when these
specific clones originate. Based upon Lyonization and embryo aggregation, it could be as early as
the eight-cell stage. Based upon the phenotypes of pigmentary chimeric mammals it is not later
than melanoblast specification. Mintz’s hypothesis of clonal origin of melanoblasts suggests that
the clones arise as primordial melanoblasts that are rather widely spaced along each side of the
neural tube. Alternatively, the clonal event need not coincide with specification of the pigment-
cell lineage. The actual clonal segregation might occur earlier in the ectoderm or the developing
neural tube (Bennett 1993), so long as the cells are not mixing randomly after that time.
Observations in cell culture (see review by Bennett 1993) and in embryos support early plasticity
of neural-crest cells. Goding (2000) proposed that the initial specification might be a stochastic
event, which could account for widely spaced specification of melanoblasts. There may also be a
component of migration of the earliest specified cells in the MSA (similar to that involved with
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Figure 3.27 Bonnie Bunny is a yellow and black tortoiseshell Japanese color variant of
rabbit. As described with Figure 3.14, autosomal chimerism also occurs in the guinea pig.
It has been speculated that these autosomal chimerisms involve gene duplication.
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Figure 3.28 A female mouse carrying Cattanach’s translocation on one X chromosome.
The translocation contains the wild-type (P) allele at the Pink-eyed dilution (Oca2) locus.
The mouse is autosomally p/p. The result of heterozygosity at the X chromosome results in
Lyonization and a mouse that is chimeric for pink-eyed dilution pigmentation alternating
with wild type (wild type is not pink-eyed dilution, which on this background is nonagouti
black). The normal pink-eyed dilution mouse phenotype is shown in Figure 3.29. Note the
symmetry of markings is not normal but is a coincidence of development in this individual
mouse.
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Figure 3.29 Two mice of the genotype p“"/p“" ( Pink-eyed unstable, new name Oca2Fu").
The mouse in the background is normally pigmented for mice that are mutant at the P
locus. The mouse in the foreground is chimeric because of an early somatic reversion
event. More commonly, the reversion events occur later in development and resultin a
small spot or short stripe or half a stripe. These are very informative with regard to the
migratory patterns of pigment cells in mice that are fully pigmented.

innervation of the developing gut) as suggested by the work of Huzsar et al. (1991), and also
Wilson et al. (2004) and Jordan and Jackson (2000). However, it is not necessary that the
specification event and the clonal event coincide. The clonal derivation might occur before
melanoblast specification, for example in the ectodermal tissues that give rise to neural crest, if
that is the time when clones of different genotypes or ‘epigenotypes’ stop mixing. In that case it
would not be necessary to invoke any process of individual selection of specified cells;
melanoblasts might already be within clonal patches when first specified mid-dorsally before
proceeding together to the MSA and thence on to the first migratory pathway. This possibility is
supported by figure 5 of Wilson et al. (2004). In either case, specification does generate a clone or
subclone of genetically uniform melanoblasts that participate in lateral and ventrad migration,
and these processes result in the patterns exhibited by tortoiseshell mammals. The process
is clearly complex and we do not yet understand exactly in what way the clonal origin of the
tortoiseshell pigmentary stripes is established.

3 Melanoblast migration, dorsoventrally in the trunk and tail and anteriorly and ventrally in
the head, with minimal mixing of adjacent phenotypic clones. Clonal origin of melanoblasts,
followed by random mixing, of course could not result in phenotypic stripes. The actual tortoise-
shell stripes appear more or less mixed along their borders (for example, Kim et al. 1995), but they
are visible as stripes, therefore supporting the ventrad migration of the expanding clonal groups
of melanoblasts. The explanation for lack of mixing at the borders of each clone could be com-
partmentalization (genetic specification of particular territories that then do not mix). Possibly,
the migratory pattern of the cells might be confined to the somite of origin during the first migra-
tory phase. However, while there are differences in migration in different sections of the embryo
(cranial, truncal, and tail) the high variability of the striping phenotypes of tortoiseshell animals —
recalling that the clones of a tortoiseshell phenotype represent genetic alternatives expressed
autonomously in the pigment cell — suggest against compartmentalization of individual
melanoblast clones. An alternative explanation is competition among the melanoblasts for the
available territories into which they can migrate. In support of this concept, contact inhibition of
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neural-crest cells has been reported (Rovasio et al. 1983; Erickson 1985; Carmona-Fontaine et al.
2008). A high rate of replication and competition among the pigment cells for the available
territories into which they can migrate is sufficient to explain clonal solidarity. The ‘available
territories’ are generally defined by the tissue environment, primarily by KITL, as discussed
above. Itis the task of the replicating cells to fill the available spaces. In this first phase of migration
the spaces available to pigment-cell migration are primarily lateral, as these processes proceed
essentially concurrent relative to adjacent clones of pigment cells. The presence of equally com-
petent clones of melanoblasts with vigorous replication potential, migrating at the same time on
parallel pathways should be sufficient to maintain the observed integrity of the striping pheno-
type. Variability of these factors — differences in the relative vigor of the two clones as for example
in combinations of two different inbred strains, or any factor that would leave any supportive
area ‘empty’ of existing melanoblasts — have been studied, and readily account for observed
differences in the integrity of tortoiseshell stripes (for example Kim et al. 1995). If the two initial
embryos are genetically quite similar to each other, allophenics made from embryos of the same
inbred strain for example, then the phenotypes of the resulting mice most often clearly exhibit a
moderate number of stripes of the two sorts of pigment cells. Thus the most obvious information
gained from allophenic/ tortoiseshell phenotypes bears on the clonal origin of melanoblasts.

Chimerism that is not tortoiseshell

Not all chimeric pigment patterns are formed by chimerism for clones of pigment cells carrying
alternative versions of genes that they express autonomously. If the gene product affecting pigmen-
tation is expressed by cells other than pigment cells (as with KITL or EDN3), then the resulting
chimeric pattern will not reflect the clonal migration of pigment cells. Traits that are controlled by
the genotype of the dermis (Fig. 3.30), including Agouti-locus phenotypes, discussed in Chapter 5;
tabby stripes (and spots) in the cat; coat patterns in the zebra, leopard, and giraffe; probably brindle
in the dog and cow, and Blaschko stripes in humans, are not included in the above discussion of
tortoiseshell phenotypes.

Figure 3.30 Mouse of the genotype A%/a. The chimerism is not autonomous to the
pigment cell, but of the dermal (somitic) tissues. This mouse also has unrelated Piebald
white spotting. Note that the presence of white spotting does not change the pattern of the
chimerism as Piebald spotting does in mice that have chimerism of pigment-cell-specific
genes. This mouse is YS/Wif-A%/a, EdnrbS/Ednrb®, and is available at MMRRC.
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3.4.5 Genesrequired for the secondary migratory phase: what white spotting tells us when combined with
tortoiseshell chimerism

When Satomi Nishikawa et al. (1991) inhibited KIT during the second stage of migration/replica-
tion but not the first, by injecting ACK antibody into normal pregnant female mice, the pattern of
pigmentation was similar to that seen in mice mutant at Kit, with ragged edges to the spotting as
shown in Figure 3.31, and in several other figures in this chapter.

Figure 3.31 Kitmutants: three mice of the same mutant genotype, Kit"V-2//+. The lower
mouse is of the JU/CtLm inbred strain. Both mice at the top are C57BL/6J. The one on the
left is of the usual phenotype. Within this stock occurred a mutation that affects the amount
of white; the mouse on the right is of that substrain. These mice are available at MMRRC.
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Figure 3.32 Mice of the genotype C57BL/6J-Ph/+ and JU/CtLm-Ph/+ (with the head
spot). Patch and Patch-extended (Ph®) are alleles that each represent a deletional
mutation encompassing the PDGFRA subunit (Pdgfra). However, deletion of Pdgfra alone
does not result in white spotting, and the Patch mutations apparently also cause defective
expression or function of KIT (Stephenson et al. 1998). The Patch phenotype is very
different from the usual phenotype of Kit mutant mice. However, at least two Kit mutations
generate a similar phenotype of fully pigmented, sharp-edged spots. Two of these,

Sash (Kit"-sh) and Banded (Kit""*?) have been shown to involve regulatory regions of the
Kitgene.

When Yoshida et al. (1996) inhibited the first but not later stages of development, the pattern of
pigmentation appeared similar to the mutant phenotype of Piebald (Ednrb*/Ednrb®) (Fig. 3.2) or
Lethal spotted (Edn3“/Edn3) mice (Fig. 3.24). That is, the spots were discrete, rounded and
sharp-edged, a common white-spotting phenotype not restricted to Piebald and Lethal spotting but
also evident in the Patch mice in Figure 3.32 and other white spotted mice.

We know that KIT is required during all the migratory phases of melanoblast development; we
also know that EDNRB is not required for normal development during the epidermal (second)
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phase of migration (Shin et al. 1999). Thus, with regard to the major white-spotting genes that are
required for melanoblast migration and survival, the difference in pigment pattern between
congenic mice mutant at Kit and at Piebald (Ednrb) or Lethal spotting (Edn3) appears to reflect the
different events that occur in the embryo during the initial dorsoventral migration in the dermis
compared with the secondary migration of the melanoblasts in the basal layer of the epidermis.
This difference in spotting phenotype can be easily explained if one assumes that normal, non-
mutant melanoblasts continue to replicate in the epidermis to fill any unoccupied spaces that are
KITL-positive. In normal wild-type mice the pigment cells would fill these areas as they enter the
epidermis, because of the large numbers of contiguous melanoblasts that are moving together into
the epidermis.

In Kit-mutant mice, the melanoblast development of which is restricted at all stages, patterns
of spotting most closely reflect events of the initial migration. That is, they reflect a dorsal origin
of pigment cells that migrate ventrad in the body and rostrally in the head. When the mutant con-
dition is removed by somatic reversion events (presumably from Kit +/— to Kit +/+) as shown in
Figure 3.33, the areas containing normal pigment cells are sharp-edged, well-rounded, and not
necessarily oriented on the dorsoventral pathway, although in this mouse they are. Then we see in
one mouse the ragged-edge phenotype that results from suppression of KIT at all migratory stages,
and the rounded-edged phenotype of the spots that results when that suppression is released.

Patterns of white spotting may or may not primarily reflect the dorsal/ventral migration that is
visualized by the tortoiseshell phenotype. Except for mutation of the structural Kit gene, white-
spotting patterns suggest a secondary clonal formation in the epidermis, each new subclone gener-
ating melanoblasts that populate the skin radially from wherever the surviving melanoblast is
located as it crosses into the epidermis. If for some reason few melanoblasts have survived to enter
the epidermis, but they can function well within the epidermis, then the result will be large,
rounded clones adjacent to or within areas that are otherwise unpigmented (Fig. 3.32). This view is
supported by phenotypes of triple chimeric mice that were created by Huszar et al. (1991). Two
genetically different types of melanoblasts were injected into early embryos that were not other-
wise pigmented. When melanoblasts were injected into BALB/ ¢ albino mice that have their own
unpigmented melanoblasts (Huszar et al. 1991), the few pigment cells that were able to participate
in embryonic development appeared in the ‘tortoiseshell” pattern (relative to the unpigmented
melanocytes otherwise present in the resulting mouse (Fig. 3.34).

When the cells were injected into mice that contained no pigment cells of their own, two types of
pattern resulted. In the same mouse or in different mice, when the two pigment types of injected pig-
ment cells colonized contiguous regions and migrated alongside each other, the resulting pigment
pattern was again a typical ‘tortoiseshell” type of striping pattern. When clones were not adjacent,
the resulting clones of pigment cells were rounded and sharp-edged and not necessarily oriented in
the dorsoventral pathway. The latter is very reminiscent of the ‘calico’ phenotype of the cat.

Calico phenotype

A calico catis a chimeric (tortoiseshell) cat that has, in addition to pigmentary chimerism of the sort
described above, a greater or lesser degree of white spotting. The sizes of the patches (subclones) of
the different-colored pigment cells correlate with the amount of white spotting. Thus, in a severely
white-spotted cat, like the one at the top of Figure 3.35, we can believe that few melanoblasts
survive the first migratory phase to arrive in the epidermis, compared with a cat that has no white
spotting. These few surviving melanoblasts are released from their inhibition and replicate rapidly
to fill the KITL-positive spaces, creating big yellow patches and nonyellow patches. The calico
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Figure 3.33 Two mice of the genotype JU/CtLm-Kit"-2//+. The mouse in front is of

the usual phenotype for a JU mouse with abnormal KIT receptors on the pigment cells.
Because the receptors function as dimers, and the cells are heterozygous, there is the
occasional normal receptor that presumably permits survival of the occasional pigment cell.
The mouse behind demonstrates the phenotype of somatic reversion events in mice that
are not fully pigmented (compare with Fig. 3.29). In this mouse, the cells in the revertant
pigment spot presumably have normal KIT receptors, and they are existing in a space with
very few pigment cells, and so of course they behave as normal pigment cells do by
replicating and filling up all the adjacent spaces that are permissive. The KITL defines
permissive spaces. Somatic reversions most often occur on the anterior or posterior portion
of the mouse, probably because it is more likely that there will be pigment cells over this
portion of the body. Somatic-reversion events in this genotype are rare (and more difficult
to observe) on the C57BL/6J background. They are uncommon on the JU/CtLm
background, and usually not so extensive as the one shown. Compare with Figure 3.19,
which shows pigmented spots on mice mutant at Mitf. These appear not to be somatic
reversion events, both because of their more common occurrence and predictable location
and because the pigmentation often is not of a revertant phenotype.

phenotype, as we can call it more generally, has also been recognized in other species, including
guinea pigs (Fig. 3.14) (Searle 1968).

The calico phenotype is also evident in tricolor mice (Fig. 3.36), depending upon the function of
the gene that causes the white spotting. Piebald and Piebald lethal and Belted tricolor mice do exhibit
the patchy “calico’ phenotype (M.E Lyon & M.L. Lamoreux, unpublished observations). Similar to
calico cats the patchy phenotype is evident in regions adjacent to the white spot. Normal Ednrb
(Piebald) and Edn3 (Lethal spotting) genotypes are required for the first migratory phase of
melanoblasts, but are not required for the second. Thus it appears that melanoblast migration,
proliferation, and/ or survival is inhibited at the first stage in animals that are mutant at these loci,
resulting in a paucity of melanoblasts arriving in the epidermis, especially few in the areas adjacent
to the white spot. When the pigment cells arrive in the epidermis and are presumably released from
the inhibition, they proceed to clonally populate the available areas in the epidermis that are not
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(b)

Figure 3.34 Chimeric mice produced by
injections of melanoblasts into embryos.
These mice are mutant at Kitand therefore
unable to produce their own pigment cells.
However, they are otherwise normal and
can therefore support development of
normal pigment cells. First the investigators
injected normal pigment cells into albino
embryos that are making their own
(unpigmented) pigment cells, and observed
the reduced incidence of incorporation and
the tortoiseshell pattern of striping in those
mice that did incorporate some of the alien pigment cells (a). Then they did the same with
mice mutant at Kitthat are not capable of making their own pigment cells and noted the
large, sharp-edged clones that resulted as these more frequently became incorporated in
the embryo and generated large, discrete clones in the otherwise empty skin (b). These
clones did not reflect dorsoventral migration so much as dorsal origin of the pigment cells.
In other words, they were more likely to occur near the dorsum but they appear to have
expanded radially. Huszar et al. (1991) then injected into developing embryos pigment cells
that were capable of making pale pigment typical of pink-eyed dilution mice (see the upper
mouse in Fig. 3.29 for phenotype) along with genetically black pigment cells. The result,
when cells competed with each other during the first migratory event, was tortoiseshell
patterning, clearly reflecting the early migration of adjacent clones of pigment cells toward
the ventrum (c). When cells did not compete with adjacent melanoblasts, the result was
clear-edged patches that are also shown in (c). Diagram courtesy of Huszar et al. (1991);
reproduced with permission of The Company of Biologists.

already occupied, where there are no nearby melanoblasts to discourage their clonal expansion.
KIT and KITL are both required throughout melanoblast development. If they are defective as a
result of mutation, we therefore would not expect that their melanoblasts would be released from
inhibition at any stage of development, including the second migratory period in the epidermis.
Therefore we would not expect tortoiseshell mice with a white-spotting mutation at Kit"%/+ or
Kitl* to show the large calico-like patches seen in the tortoiseshell with Piebald or Lethal spotted or
Belted mice (Fig. 3.37), and this is the case (M.L. Lamoreux, personal observation). However, the
Kit"¥/+ mice do occasionally exhibit somatic reversion events so that it is possible to observe
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Figure 3.35 A calico cat; that is, a tortoiseshell cat with white spotting. The white spotting
is not a form of genetic chimerism; all of the pigment cells are of the same genotype with
regard to the white-spotting trait that imposes upon them a limited ability to survive,
replicate, and migrate. It is not known specifically why they fail to populate the nether
regions. Presumably environmental conditions are not so congenial in some portions of the
developing embryo as they are in other portions, and the white-spotting genotype confers
upon the pigment cells a borderline functionality. The cause of the chimerism is well known
as Lyonization (X inactivation). The yellow (Orange) gene of the cat is located on the X
chromosome. This cat is heterozygous at that locus. The locus functions similarly to the
Extensionlocus of the mouse. When mutant at E (Mc1r), the recessive yellow pigment cells
are unable to produce eumelanic pigment; the normal wild-type pigment calls can produce
both eumelanin and pheomelanin (depending on the genotypes at other loci). In this cat
some of the spots are pheomelanic (yellow, orange) while others are wild-type agouti. The
cat below is also a chimeric of the same X-linked genotype as that above (X°/X*); that is,
she is a chimeric animal with regard to the yellow mutant and the wild-type alleles at the
X-linked O locus. Her background genome, however, is quite different from that of the cat
above. The background genome is not chimeric and is imposed upon all the pigment cells.
First, the cat above is Agouti, whereas the cat below is Nonagouti (see Chapter 5). Second,
the cat above is not genetically ‘dilute’ (in cats but not mice this locus is Melanophilin)
whereas the cat below is ‘dilute’, and is therefore referred to by cat fanciers as a ‘blue-cream
tortoiseshell’ because all the eumelanic and pheomelanic pigmentation is ‘diluted’ by the
mutant Melanophilin genotype (see Chapter 4). Importantly for the study of pigment-cell
survival during development, the absence of a white-spotting mutation is the most striking
difference and defines the difference between the patchy pigmentary clones of the calico
cat shown above and the basic dorsoventral patterning of the tortoiseshell shown below.
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Figure 3.36 The calico pigment pattern can be reproduced in mice. In mice it is easier to
evaluate the relationship between the observed phenotype and the known gene functions.
On the right is the same mouse as shown in Figure 3.28, which is chimeric because of an
X-linked gene. On the left is a mouse with the same X-linked chimerism, but also mutant at
the Beltedlocus. Using mice we can demonstrate that the calico pattern can result in
chimeric animals from Piebald or Belted spotting but is not seen in mice that are mutant at
Kitor Kitl.

development of wild-type clones of pigment cells on the same canvas as those that lack normal KIT.
The revertant patches are fully pigmented, with rounded edges, as would be expected if the
heterozygous cell reverts to homozygous normal. The resulting spots may be large, as in
Figure 3.34, or they may be small, in which case they often are not obviously associated with the
dorsal midline. In fact, largish patches of pigmentation often occur at the ventral midline, an area
prone to white spotting.

All these observations support the idea that melanoblast clonal formation in the epidermis is not
primary, but only secondarily reflects the clonal event that occurs in the neural crest. Likely, the
epidermal replication event is the normal method of achieving complete coverage of the mouse
with pigment cells and probably is the origin of pigmented spots in mice that are mutant at Piebald
or Lethal spotting loci, and very likely other spotting genotypes that produce the sharply delineated,
fully pigmented, crisply bordered type of pigmented spots.

Special cases of white-spotting phenotypes: Patch (Ph), Rump white (Rw), and some alleles of
Kit (W)

Patch: Two spontaneous phenotypic alleles, both deletions.

Availability: HAR, JAX, and MMRRC.

Rump white: One spontaneous phenotypic allele that represents an inversion.
Availability: HAR and JAX.
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Figure 3.37 Belted mice. Left: Recessive yellow (C57BL/6J-a/a e/e
Adamts20°/ Adamts20"); right: nonyellow (C57BL /6J-a/a E/- Adamts20°/Adamts20%").
The size of the spot varies.

Patch (not to be confused with Patched), Rump white (not Rumpwhite), and four mutations attributed
to Kit (Kit"*", Sash and Kit"*, Banded, which is the same as Kit"**"), are all phenotypic mutations
that represent chromosomal rearrangements near or in the Kit locus on chromosome 5 (Nagle et al.
1994; Stephenson et al. 1998; Kluppel et al. 1997; Jordan & Jackson 2000). Mice homozygous for
these mutations generally die in utero or lack pigment cells in the skin. They have similar pheno-
types in the heterozygous mouse; that is, a wide white belt with crisply delimited borders as illus-
trated for Sash in Lyon and Glenister (1982), and Patch, on two different backgrounds, in Figure 3.32.

These phenotypes differ from the usual phenotype of pigmented mice that are mutant at Kit
(Fig. 3.20). All of these mutations have been attributed to rearrangement of the regulatory region of
KIT, and they all result in sharp-edged, rounded, pigmented spots. It has been shown that the
aberrant phenotype of Rump white mice relates to mislocalized ectopic expression of KIT (Hough
et al. 1998). Likewise Sash embryos express KIT in abnormal locations (Duttlinger et al. 1993, 1995;
Hough et al. 1998), and so do Patch embryos (Wehrle-Haller et al. 1996).

It is suggested that melanoblast numbers and dermal migration are deficient in the areas
abnormally expressing KIT because KITL availability is reduced by its binding to the ectopic KIT on
dermal cells, rather than because melanoblasts have reduced KIT activity (Wehrle-Haller et al.
1996). Thus, in these phenotypically unusual Kit regulatory mutants, the inhibition is released as
they enter the epidermis (Jordan & Jackson 2000) and the melanoblasts can expand clonally from
wherever they are when they enter the epidermis.

Most of these secondary patches are found in the dorsal region, indicating an aberrant first
migratory event, as demonstrated by the Kit"%/+ mice shown in several figures in this chapter.
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However, heterozygous Patch mice (Fig. 3.32), and also heterozygous Rump white mice also fairly
commonly have ventral islands or peninsulas of pigmentation (M.L. Lamoreux, personal observa-
tion), and their pigmentation patterns clearly are influenced by variation in background genome
(Lamoreux 1999). The rather dramatic variation in pattern of spotting of Rw/+ mice tentatively
maps to or near the Steel (Kitl) locus (M.L. Lamoreux, unpublished results) and is therefore not
attributable to the Rw mutation, but to background genome.

Summary of first and second migratory stages

In sum, the important contribution of the tortoiseshell phenotype rests in the way it illustrates the
first, dorsoventral stage of melanoblast migration. Similarly, the calico phenotype reflects behavior
of melanoblasts during the second migratory period of their development. These phenotypes tend
to support the observations of Schaible that were formerly difficult to factor in to the prevailing
view of melanoblast development.

Schaible (1969) identified what he called ‘centers of origin’ of pigmentation by observing pat-
terns of pigmentation of large populations of mice segregating for several white-spotting mutations
to determine where the pigmented areas are most likely to occur in the least pigmented animals.
(Note: Schaible termed these mice ‘piebald spotted,” meaning simply white spotted rather than
mutant at the Ednrb locus.) Schaible also provided a nice summary of much earlier work. Goodale
and Morgan (1913), for example, postulated the clonal origin of the patches on tricolor (here
referred to as calico) guinea pigs. Schaible’s observations probably describe the locations on the
mouse where pigment cells are most likely to survive if their viability is reduced by a white-spotting
genotype during the first migratory phase, and replicate during the second phase.

Also, in the 1960s and beyond Mayer (Mayer 1970, 1973a, 1973b, 1977, 1979; Mayer & Green
1968), building upon previous work of Rawles (1947), Markert and Silvers (1956), and Silvers and
Russell (1955), developed a theory in explanation of white spotting that covered the essence of most
of what we have discussed above. To summarize briefly, Mayer agreed that some traits are
autonomous to pigment cells. However, the pigment cells live in the tissue environment and
depend upon it for developmental cues, and these cues also affect pigment-cell survival, migration,
and differentiation. Further, these environmental factors can determine locations of white spots;
that is, the areas of the embryo least supportive of melanoblast survival. Mayer viewed the surface
of the embryo as a non-uniform field that is more supportive of viable melanoblasts in some areas
than in others, as also suggested by Schaible’s work. In addition, Mayer described the secondary
migration of pigment cells into the epidermis. Overall, in its essence, Mayer’s work taken as a whole
describes both the initial phase of melanoblast migration and the movement into the epidermis
with subsequent expansion, as well as failure of melanoblasts to gain entry into the hair follicles in
mice mutant at Belted (see below).

In normal fully pigmented mice, according to Mayer, the combination of pigment-cell viability
and its environmental support, in all portions of the body, is above a ‘survival threshold,” and the
body is pigmented over nearly the entire surface. If the total competence of the pigment cells plus
environmental requirement is reduced by mutation at any locus, remembering that the environ-
mental component is non-uniform, then we can visualize the least supportive areas of the body by
observing where the white spots are most likely to occur. In C57BL/ 6] mice this is the belt region.
Therefore, white spotted mice are usually white in the belt region, regardless of the specific genetic
cause of the pigment-cell failure to survive. Today we must also factor in a possible delay of
specification in the belt region (Wilson et al. 2004). As the severity of the developmental problem (or
genetic lesion) increases, the size of the spot increases, mostly along a gradient, so that the white
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spot gets bigger and bigger, but eventually adding other regions of the body, such as the forehead,
tail, and feet.

Mayer’s theory was well supported by his work and also by Rhim et al. (2000), who demon-
strated that variations in the location of white spotting on the bodies of mice of differing genetic
backgrounds map chromosomally at or near the Steel (Kitl) locus; KITL of course is expressed in the
environment through which the pigment cell must migrate if normal development will result.
That region of the genome is not entirely responsible for spot location. Other loci are segregating,
and not interacting identically with each white-spotting mutation (Lamoreux 1999), a fact that
emphasizes the point that no one factor can be responsible for the behavior of melanoblasts during
development. The entire process is a network of signaling interactions working over a continuum
of time and space.

There is no conflict between the core theories of Schaible and Mayer, although they were
debated, if one recognizes that patterns of pigmentation resulting from the first melanoblast migra-
tory event differ from those imposed by the second. Schaible, working with adult animals, observed
the combined effects of both. Mayer worked with embryos that were sometimes in the first migra-
tory stage and sometimes in the second. The primary differences between the observations of
Mintz, and those of both Schaible and Mayer results from the fact that Mintz’s bicolor chimeric
animals are not white spotted and therefore their phenotypes illuminate the first migratory phase
of pigment-cell development, but not the later stages. At that time, it was difficult to interpret her
work with chimeric combinations that included white spotting, as with the work of Pratt (1982) and
others who used different techniques of tissue recombinations to evaluate white spotting, although
with present knowledge we can see that the various techniques together provided valid clues to
gene functions of white-spotting genes.

Hyperadditive spotting, a topic of considerable discussion in the early days of pigmentation
research, takes on a slightly different perspective in the light of the above observations. The num-
bers of melanoblasts that survive the first migratory phase would of course influence the sizes and
numbers of spots that are formed during the second migratory phase, and so an animal that carries
two white-spotting mutations is likely to have a larger white area than would result if the spotting
mutations had no effect upon each other (Aoki et al. 2005).

While all these interacting factors are sufficient to explain most of the pigment patterns of mice,
two sorts of variants remain to be considered. The first involves variable distribution of yellow and
nonyellow pigment over the bodies of animals that are not genetically chimeric. This would include
dogs, cattle, mice, cats (tabby patterns and spotting), giraffes, and probably zebras. These patterns
are not independent of white spotting, as will be considered in Chapter 5.

The second variant that needs to be recognized involves the initial distribution of the earliest
specified melanoblasts and their early descendants before the lateral migration begins. Several
authors have noted in normal mice that there are more early melanoblasts at the anterior and poste-
rior limits of the trunk region (the areas that will be the shoulders and hips of the animal), and also
the ears and head, than in other regions of the embryo (Wilkie et al. 2002; Wilson et al. 2004), and
some have specified that the mid-trunk region is populated later, or less (Duttlinger et al. 1993), in
development than the extremes of the trunk region (see Fig. 3.31). The method of Huszar et al.
(1991) also suggests the possibility of a very early anterioposterior migration/replication compo-
nent to the ordering of melanoblasts, presumably in the MSA of the trunk region, prior to the lateral
clonal migration.

The mice shown in this chapter are mostly of the C57BL/¢] or closely related strains. On this
strain background, the primary unpigmented area (in mice mutant at any of the major white-
spotting loci) is normally just anterior to the hind legs. Wild-type mice often have a tiny belly spot
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and a little extra white on the tail tip. In JU mice, the area of the primary spot is farther forward,
behind the front legs, except in Rump white mice where the white area is more posterior (Lamoreux
1999); they have a head spot.

A C3H background also influences size and location of white spots, as well as color phenotype in
mice that are yellow because of mutation at the agoutilocus (see Chapter 5). Clearly, the location of
white areas is influenced by genetic background, and this was noticed early in the history of pig-
mentation research. As early as 1937, Goodale and subsequent coworkers selected a genetically
mixed group of mice for size of spot, with great success (Goodale & Morgan 1913; Goodale 1937).
In addition, Mayer and Green (1968) demonstrated that the Steel (Kitl) locus functions in the tissue
environment in which the pigment cell is trying to survive. Finally, Rhim et al. (2000) mapped varia-
tion of size and location of spotting in piebald mice with different strain backgrounds to the Steel
region of chromosome 10. Unpublished results of Lamoreux suggest the same relative to Rump
white spotting. Further work on this subject will no doubt identify additional gene loci that interact
with melanoblasts to direct their patterns of migration, replication, and survival.

3.4.6 Homing to hair follicles and maintenance therein

Special cases: Belted (Bt, Adamts20, A disintegrin-like and metallopeptidase (reprolysin type) with
thrombospondin type 1 motif, 20)

MGI shows 11 naturally occurring phenotypic alleles
Availability: JAX, MMRRC, NMICE, and ORNL.

It is somewhat speculative to include Belted under the heading of ‘Homing.” However, the prepon-
derance of evidence suggests that the locus functions during melanoblast entry into the developing
hair follicle. Mayer (1964), using a method of tissue transplantation, found that the defect in Belted
mice is different, and occurs later (about at embryonic day (E)13.5; confirmed by Silver et al. (2008),
using a more specific technique), than that in Lethal spotted mice, and he observed that
‘Melanoblasts may be unable to enter the developing hair germ because of some block in migration,
or their maturation into melanocytes in the environment of the hair follicle may be prevented’ (see
also Nishimura et al. 1999).

Belted mice do exhibit ‘calico’-type pigment patches (Fig. 3.36), suggesting that, like Piebald, Belted
is not required for the secondary epidermal clonal expansion of melanoblasts. (This does not
exclude the possibility mentioned below of a deficiency in crossing the epidermal basement mem-
brane, reducing the number of melanoblasts that reach the epidermis.)

Zhang et al. (2008) found that B-catenin signals the epidermis toward placode and hair shaft fate,
at the expense of epidermal differentiation, and activates pigmentation and innervation.
ADAMTS20 (A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1
motif, 20) was among the pigmentation regulators that they identified in transcript-profiling
experiments.

Belted is the result of a defect in a novel ADAMTS family member (Somerville et al. 1994; Rao
et al. 2003). ADAMTS proteins are capable of processing a variety of extracellular-matrix com-
ponents and secreted molecules, including the common connective-tissue proteoglycan versican
(Silver et al. 2008). ADAMTS20 and ADAMTS9 together make up a subset of the family that has
been conserved over long periods of evolution (Somerville et al. 2003). ADAMTS9 is more
widespread in the embryo. They both exhibit metalloprotease activity (Llamazares et al. 2003).
ADAMTS20 is expressed in the dermal mesenchyme.
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Belted is recessive. The homozygous Belted mouse differs from other white-spotted mice that
have been studied in that the location of the spot does not seem to be influenced by the strain
background (Lamoreux 1999). However, Silver et al. (2008) observed that ADAMTS20 enhances the
ability of melanoblasts to respond to soluble KITL, at least at late stages of development. Because
KITL generally defines the migratory pathways of melanoblasts, this observation lends further
support to the concept that ADAMTS20 is required for the melanoblast to find its destination in the
hair follicle. On the other hand, they reported that belted embryos also show excessive death of
dermal melanoblasts just at the time they normally enter the epidermis, suggesting some restriction
of this transition (Silver et al. 2008). Perhaps ADAMTS20 is used in passing though the basement
membrane.

Yellow Belted mice have smaller average spot size than black Belted mice (Hauschka et al. 1968)
and they have more ‘islands’ of pigmented hairs within the white area, suggesting that something
about the yellow signaling pathway helps to counteract the lesion generated by mutation at Belted.
Or, conceivably it intersects with the belted/KIT/KITL interface, as KIT is known to be strongly
affected by the yellow signaling pathway. This is true whether the mice be yellow because of
mutation at the Agouti (A) or the Recessive yellow (E, Mc1r) locus, and there may be an impact of
heterozygosity at the Recessive yellow locus (M.L. Lamoreux, personal observation).

In normal mice, the numbers of epidermal melanoblasts in the hairy portions of the body begin
to decrease from the first day after birth (Yoshida et al. 1996). They reach extremely low levels in the
epidermis by about 1 month of age (Hirobe 1984a, 1984b), as the melanoblasts migrate from the
basal layer of the epidermis into the hair follicles, again following a pattern defined by the expres-
sion of KITL (Kunisada et al. 1998b). KIT is not required for maintenance of pigment stem cells in
the niche area of the hair follicle.

3.4.7 The hair follicle

After migrating into the epidermis, and before beginning their entry into the developing hair fol-
licles, the melanoblasts replicate to fill any remaining available spaces. As the hair follicles begin to
develop, about at E16.5 in the mouse, the melanoblasts immediately begin to enter and actively pro-
liferate in the follicles (Botchkareva et al. 2003). Again, the most basic explanation for this migration
presumes that the migratory pathway is defined by KITL in the surrounding cells and recognized by
KIT on the migrating cell. However, as at all stages of migration, little is understood of the specific
elements of the environmental milieu that interact to inform the migratory process. For example,
work in cell culture suggests that PAX3 can simultaneously function to activate a melanogenic
cascade in differentiation of pigment cells, by activating Mitf, while simultaneously competing
with Mitffor activation of Dct, thus preventing expression of terminal differentiation markers until
external stimuli abolish PAX3-mediated repression (Lang et al. 2005).

As the melanoblasts enter the hair follicle, some migrate directly to the bulb area of the follicle
(Krause & Foitzik 2007), where the first generation of hairs will begin to grow, in the mouse about
at the time of birth (Chase 1951; Slominski & Paus 1993; Tobin et al. 1998) (Fig. 3.38). This popula-
tion of differentiating cells requires expression of KIT for their survival (Nishimura et al. 2002) and
migration to the bulb (lower) area of the hair follicle. In the bulb region of the hair follicle, they
differentiate (Chapter 4) to produce pigmented melanosomes that they then transfer to the
keratinocytes of the growing hair. After the hair is formed the lower half of the follicle regresses,
which is the catagen stage of the molt cycle. The hair remains attached during the resting (telogen)
stage, until the next growth phase is initiated (anagen; Fig. 3.38), a process that is influenced by
sonic hedgehog (Sato et al. 1999).
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Anagen

Figure 3.38 A mature hair follicle. B indicates the bulge region of the hair follicle and the
gray spot shows where the melanocyte stem cells reside. The horizontal line represents
the level to which the follicle regresses after the growth phase is complete. Diagram
courtesy of Nishimura et al. (2002).

The Foxn1 (Nude) locus is required for normal hair growth, as illustrated by the nude phenotype
of the mice. In nude mice that are pigmented, the disruption of the hair cycle, just as the pigment is
forming, results in loss of the hair, thusloss of the pigmentation and stimulation of a new molt cycle.
The molt cycles of mice proceed approximately in a wave, from front to tail. In mice homozygous
for the Traveling wave mutant allele of Foxn1, the early loss of hair results also in loss of pigmentation
and initiation of a new cycle; thus the mouse is pigmented in stripes that appear to travel from head
to tail (Suzuki et al. 2003a).

In normal mice, during the initial migration of the melanoblasts into the hair follicle, some of the
cells are retained as quiescent stem cells (Fig. 3.38) (Nishimura et al. 2002; Osawa et al. 2005; Mak
et al. 2006; Moore & Lemischka 2006; Moriyama et al. 2006; Nishikawa & Osawa 2007; Yonetani
et al. 2007). Stem cells are cells that have the ability to both self renew and generate differentiated
progeny. During the initial migration, they are sequestered in the upper (bulge) portion of the
hair follicle, known as the niche. This portion of the follicle does not regress during molt cycles.
Therefore the stem cells remain available to provide a fresh set of melanocytes to populate the
lower bulb region of the hair follicle as it regrows during each successive molt cycle. Melanoblastic
stem cells have been shown to survive in the presence of the ACK antibody, which blocks the func-
tion of KIT (Nishimura et al. 2002), indicating, quite uniquely among the melanoblasts, they do not
require KIT for survival and are presumably not responsive to KITL, a fact that may explain why
they stop at the niche area during their migration into the follicle, rather than proceed all the way to
the bulb of the growing hair.

The stem cells remain quiescent until the next molt cycle (6-8 weeks later; see section 1.9), and
each of the subsequent hair growth cycles (Lavker et al. 1993). Keratinocyte stem cells also are
stored in the niche (Oshima et al. 2001). All this is accomplished in a manner so precise and intricate
that the process results in exactly the right kinds and colors of hairs in exactly the right locations
(Galbraith 1964), and this is repeated at intervals throughout the life of the mouse.

In these cycles of renewal, the hair follicle offers unique access to highly regenerative epithelial-
mesenchymal interactions involving numerous stem cells. The cycles are controled by changes in
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the complex local signaling milieu, and thus they inform important ongoing research aimed at
answering questions about the relationships between gene function and phenotypes (Waters et al.
2007). How does the hair follicle ‘know” where and how to form? How does the pigment cell find its
place in the follicle? What is its place in the follicle? How are the follicular changes coordinated with
the melanocyte migration and differentiation? The subject of stem cells (Fuchs et al. 2004) and their
environmental controls is a very important topic of research, and a great deal of work has been
ongoing to define the characteristics of melanoblastic stem cells, compared with other cells of the
melanocyte lineage (Nishikawa & Osawa 2007).

Development of the hair follicle itselfis also of great interest (Van Steensel et al. 2000; McElwee &
Sinclair 2008), but is outside the scope of this book, except to mention an interesting overlap of
functions of several of the signaling pathways (WNT/-catenin, Delta/Notch, TGF-B, SHH, BMP,
HGF/MET, and probably others) that are active in the development of the neural crest and the
specification of melanoblasts, and also function in the development of the hair follicle (DasGupta &
Fuchs 1999; Huelsken et al. 2001; Alonso & Fuchs 2003a, 2003b; Millar 2003; Blake & Ziman 2005;
Jamora et al. 2005; Moriyama et al. 2006; Nishikawa & Osawa 2007). Included among the factors
that influence development of the follicle is the HGF/SF<MET receptor signaling pathway
(Lindner et al. 2000). The impact of this signaling pathway on the yellow/nonyellow phenotypes is
discussed in Chapter 5. Development of the hair follicle must also involve keratinocyte-derived fac-
tors (Hirobe 2004). Thus the white-spotting or graying-with-age phenotypes that may be associated
with mutation at these loci must be interpreted with awareness of the multiple functions of many of
the same factors both in the embryo and after birth.

We have seen that the white-spotting phenotype is caused by failure of melanoblasts to complete
the journey to and become incorporated into the hair follicle. If melanoblasts reach the hair follicles
but fail to thrive there over time, the result is an age-related loss of pigmentation that, in the mouse,
is not usually localized. Patterned progressive pigment loss, in the mouse, normally occurs only asa
secondary result of a molt cycle, because the newer hairs will be less pigmented than the older
(Figs 3.3 and 3.4). At the completion of each molt the mouse will be less intensely pigmented,
overall, than it was before the molt began and will maintain this state until the next molt cycle.
Graying with age does not necessarily mean old age, but usually refers to abnormal progressive
graying of mice, beginning at the first molt (which is approximately at puberty) (Lerner et al. 1986;
Spritz 2008; Boissy & Spritz 2009).

In humans, chickens, and pigs, graying with age is characteristically multifactorial. In inbred
mice, mutations that cause abnormal loss of pigmentation with age occur at the Mitf and Bcl2 loci
(Moore & Lemischka 2006; Nishikawa & Osawa 2007). BCL2 is a widely expressed mitochondrial
protein that inhibits apoptosis (Veis et al. 1993).

The work of Nishimura and colleagues (2005) suggests that graying with age results from
aberrations or reduction in number of the melanocyte stem cells of the hair follicle. They implicate
Mitf and conclude that it is necessary for activating the expression of BCL2 so as to guarantee
survival of the stem cells. Recently, the role of BCL2 in melanocyte stem cells has been analyzed
carefully by Mak and coworkers (2006), who reported that BCL2 is essential for the emergence of
melanocyte stem cells, and graying results from its absence. Notch signaling (Moriyama et al. 2006)
or phosphatase and tensin homolog (PTEN) deficiency (Inoue-Narita et al. 2008) also protect
against hair graying.

In contrast to Nishimura and colleagues, who suggested that melanocyte stem cells are initially
present in the bulge region of Bcl2 mutant mice and then disappear at 6.5 days after birth, Mak et al.
(2006) do not detect any melanocyte stem cells in the bulge region of hair follicles from Bcl2 mutant
embryos. This suggests that BCL2 is required early for melanoblast survival and may not be
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important for the melanocyte stem cells. Interestingly, Bouillet et al. (2001) have shown that all the
effects of BCL2 deficiency are relieved in animals simultaneously deficient for pro-apoptotic factor
BIM, indicating that BIM opposes BCL2 in melanocyte stem cells.

Patchwork (Pwk)
JAX lists one spontaneous mutant allele.

Patchwork (Pwk) is a recessive mutation that results in a unique hair-follicle phenotype in which each
follicle consistently produces hairs that are either unpigmented or pigmented (Aubin-Houzelstein
et al. 1998; Aubin-Houzelstein & Panthier 1999). The pigmented hair bulbs contain functional
melanocytes while the unpigmented hair bulbs contain no melanocytes, and the phenotype of each
hair follicle is maintained through successive molt cycles. Thus, beginning about E18.5, the hair is
able to function in some ways as an independent unit. There is evidence that Pwk functions in an
autocrine pathway, in which melanocytes produce a factor that supports their own survival (Aubin-
Houzelstein et al. 1998).

The gray horse

One of the classical ‘vitiligo” mutant phenotypes as defined in humans is not available in mice, but
occurs in the gray horse (Fig. 3.39), not on the body but occasionally on the nose or around the eyes.
The gray horse is born with the slightest indication of decreased pigmentation, usually a few white
hairs in the eyelashes but otherwise normally pigmented, and then proceeds to become less
intensely pigmented with every new hair cycle. If the animal is wild type — that is, bay with a pattern
of pheomelanic and eumelanic pigmentation in the form of dapples on its body — then it may
develop into a dappled gray horse at about the age of 4 years, and proceed to become more uni-
formly white at later ages. This demonstrates that the eumelanic portions of the horse retain pig-
ment longer than the pheomelanic ones. If the animal is pheomelanic in pigmentation, then it may
not have dapples, its pigmentation loss may be more rapid, and the melanoma that is often a part of
the syndrome may be more likely as it approaches old age (Norris 2008; Pielberg et al. 2008).
Scattered reports suggest theat pheomelanogenesis, at least in some circumstances, also reduces
incidence of melanoma in Sinclair swine, other breeds of pigs, and in mice.

The gray mutation is caused by a duplication that affects both Syntaxin 17 (a locus newly
described with this finding) and NR4A3 (Pielberg et al. 2008). Syntaxins are involved in membrane
fusion events, so this one may have something to do with protein routing (see also Chapter 4),
whereas NR4A3 is a nuclear receptor without an identified ligand, and also a proto-oncogene. In
another example of the phenotype informing our understanding of the genotype, Smith et al.
(2008) have described an interaction between the NR4A class of molecules and the MCIR,
which functions in pigment-type switching (Chapter 5). Thus it was difficult to decide in which
chapter to place this gene. However, the gray horse is one of our oldest models of ‘vitiligo,” and,
in addition to progressive graying, gray horses also often exhibit the patchy loss of skin pigment
that is defined in humans as vitiligo. So perhaps it is appropriate that gray horses be placed at
the end of this developmental chapter to remind us again that all of development is interconnected.
As noted by Norris (2008), the question of the gray horse continues to provide ‘another
telling example of how the molecular investigation of animal coat colour phenotypic traits and
associated diseases can convey new understanding to the functional consequences of genotypic
variation.’
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Figure 3.39 Gray horses. Judging by pigmentation, the horse on the left may be a year or
two older than the one on the right, but they are both quite young, apparently between 4
and 6 years old. In old age, gray horses may become essentially all white, and by that age
usually have developed melanoma.

3.5 The head, heart, ears, and eyes

The vertebrate head represents a major and definitive evolutionary specialization that supports the
brain with associated sense organs. Many of these specialized tissues are derived from neural crest
(Gans & Northcutt 1983; Le Douarin & Kalcheim 1999). Neural-crest progenitor cells are the main
contributors to craniofacial cartilage and connective tissue, and of course the melanocytes and
peripheral neurons and glia (Barrallo-Gimeno et al. 2003).

The migratory pathways of the neural-crest cells that populate the skin of the head, the inner ear,
and choroid and iris of the eye start primarily at the midbrain/hindbrain junction (Baxter & Pavan
2003; Wilson et al. 2004) and to some extent from the vagal neural tube, which area also gives rise to
a stream of neural-crest cells that populate the developing heart. The RPE is induced in situ in the
part of the optic vesicle that contacts the ectoderm. (The two optic vesicles are outgrowths of the
neural tube, which form the retinae.)

Migration patterns of the melanoblasts of the head and heart differ from those of the trunk
described above (Fig. 3.40), a fact that can be seen in embryos labeled with melanocyte markers
(Baxter & Pavan 2003; Wilson et al. 2004) and can be inferred from the phenotypes of chimeric
mammals. In addition to a difference in the migration patterns, the pigment patches in the head are
also larger, suggesting a considerable clonal expansion during the second migratory phase in the
epidermis, and often are quite specifically delineated (see Fig. 3.6), raising the suggestion of
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Figure 3.40 Diagram of embryo taken from Baxter and Pavan (2003). This diagram
shows migratory patterns of melanoblasts in the head region of the embryo at day 10.5 of
development. Cells that hybridized with PMEL17 (silver protein) and not DCT are shown in
red. Blue indicates regions where cells hybridized with both proteins.

compartmentalization of melanoblast development in the head, a possibility that has not been
studied. It may also involve the physical separation of parts of the developing face, which fuse only
later (Bennett 1993).

It is of passing interest that an area in the mid-forehead in many white-spotted mammals is most
likely to contain a white spot, and this probability is heritable (Lamoreux 1999; Rhim et al. 2000).
This may reflect relatively sparse melanoblast migration into the frontonasal process of the embryo
(diagram in Bennett 1993). In the absence of white spotting, an area of pheomelanic or pink-eyed
dilute pigmentation may often be found in that location in chimeric animals, suggesting that
these pigment types may be better able to survive than wild-type pigmentation in some tissue
environments.

In the mouse, endothelin receptor A (EDNRA) is expressed in neural-crest cells of the head
region during their delamination from the neural tube. The ligand for EDNRA is EDN1. In the
absence of EDNRA, the pharyngeal arches fail to develop (Clouthier et al. 1998; Pla & Larue 2003).

In addition to generating pigment, melanocytes have evolved specialized locations and functions
in the sensory organs and in the heart. For the most part, these functions are not well understood.
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3.5.1 Theear

The inner ear is composed of several cell types, among them melanocytes which are necessary for
its normal function. Deafness is a heterogeneous disorder, with many genes implicated, most of
which are not associated with pigmentation. Given the complexity of the inner ear it is not surpris-
ing (Steel & Brown 1994; Steel 2002) that the expression of deafness may be strongly influenced by
background genome (Anagnostopoulos 2002). The following web page is devoted to identifying
gene expression in the developing ear: www.ihr.mrc.ac.uk/legacy/hereditary/genetable/index.html
(Steel & Bussoli 1999).

White spotting is one clear cause of deafness. Deol (1970) noted the relationship between abnor-
malities of pigmentation and of the inner ear. Deafness may be associated with any of the major
white-spotting phenotypes (Cable et al. 1992; Motohashi et al. 1994; Steel & Bussoli 1999; Yajima et
al. 1998). Intermediate cells in the stria vascularis of the mammalian cochlea are melanocytes,
which contain melanin pigments and are capable of synthesizing melanin. These melanocytes are
required for normal development of the cochlea, as shown by studies of mutant mice with con-
genital melanocyte anomalies. Melanocytes are also needed for developed cochleae to function
normally, as evidenced by studies of mutant mice with late-onset melanocyte anomaly and
humans with acquired melanocyte anomaly. Mutations at Splotch (Pax3) additionally result in
malformations of the inner ear (Steel & Brown 1994). The ear needs melanocytes for both normal
development and normal function (Cable et al. 1992; Tachibana et al. 1992; Steel & Brown 1994;
Tachibana 1999; Grimm et al. 2007).

The pigment itself, however, is not necessary for normal hearing. Albino mammals, whose
melanosomes are not pigmented, ordinarily have normal hearing (although their eyesight is not
normal). Pigment might protect against damage to the cochlea from stress, trauma, or chemical
insult (Tachibana 1999). But more importantly, the melanocytes themselves apparently provide
cation channels that are necessary to the function of the ear (Cable et al. 1992; Cable & Steel 1998;
Grimm et al. 2007).

Apparently melanocytes in the stria vascularis, but not in other locations of the body, express
Gsta4. Gsta4 encodes one of the cytosolic glutathione-S-transferases (GSTs) (Uehara et al. 2009).
This is an interesting observation also in light of the obscure relationship between pigment-type
switching (Chapter 5) and glutathione. It would be interesting to know whether or not Subtle gray
mice (Chapter 5), in which melanocytes are deficient in glutathione, are deaf.

The study of hereditary hearing impairments of course is not limited to the pigment cells, but the
study of pigment cells in inbred mutant mice has provided clues to the functions of the inner ear and
at the same time demonstrated differential function of MITF in different tissues (Uehara et al. 2009).
Given modern genetics techniques, we are now in a position to deal with two objectives simultane-
ously: first, identification of the causative genes and the underlying pathogenic process in each form
of deafness and, second, elucidation of the molecular and cellular mechanisms of hearing (Leibovici
etal. 2008).

3.5.2 The heart

In addition to pigment cells of the skin, eye, and inner ear, a population of neural-crest cells exists in
the heart (Rosenquist & Finnell 2007). Between E10.5 and 11.5, melanoblasts travel to the heart
from the neural crest, between the post-otic area and the third somite, along the anterior and
common cardinal veins and branchial arch arteries. By E14.5, large numbers are found in the
atrioventricular endocardial cushions and persist in the adult mouse where they are found in the
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valves (mitral, tricuspid, and aortic) and the septa (ventricular and atrial) (Mjaatvedt et al. 2005;
Brito & Kos 2008; Yajima & Larue 2008). These cells are absent in Piebald-lethal (Ednrb*'/ Ednrb*t),
Kit™V/Kit"”, and Mitf™* / Mitf ™"%* mice. No relationship has been reported between albinism
or white spotting and differential cardiac performance in the mouse. Cardiac melanocytes are also
found in birds, but not in fish or frogs.

3.5.3 Theeye

Pigment cells and pigment are required for the normal development of the vertebrate eye and for its
function throughout life (Clark 1986; Arnheiter 1998; Chow & Lang 2001; Bharti et al. 2006; Hu
et al. 2008). The vertebrate eye develops from an evagination of the neuroepithelium in the region
of the ventral forebrain. The pigmentation of the eye comes from two sources. The pigment cells of
the uvea (choroid, iris) are derived from melanoblasts that migrate to the eye from the neural crest
as the head is developing. They are capable of making eumelanin or pheomelanin (Wakamatsu
etal. 2007b), with eumelanin predominating, especially in the uvea (Hong et al. 2006). The pigment
cells of the choroid continue to produce melanosomes throughout life, while the melanization of
the RPE is largely completed before birth (Lopes et al. 2007). Conversely, the vertebrate RPE is
generated in place, directly from the optic neuroepithelium (Bharti et al. 2006). The RPE is a highly
specialized tissue with multiple functions in development and throughout life (Chow & Lang 2001;
Martinez-Morales et al. 2004, 2009). RPE cells form a monolayer of cuboidal epithelial cells that
are joined together laterally by tight adherens and gap junctions. These cells are required for devel-
opment of the retina and the normal eye (Raymond & Jackson 1995; Giménez et al. 2005), and of
course normal vision. On their basal side, they contact the Bruch’s membrane that lies between
them and the choroid. On the apical side, they directly contact the outer segments of the photo-
receptor cells of the retina (Clark 1986). Study of pigmentation has informed the function of the eye,
as it has informed our understanding of many organs and tissues of the body. Detailed analysis of
any of these is beyond our scope here.

While the functions of the RPE differ from those of other pigment cells, several of the white-
spotting gene loci are critical to its development. Following the pattern with other organs and
tissues, development involves many of the same players, but specific interactions are, at least in part,
unique (Bharti et al. 2006). Not surprisingly, MITF is again a central element in development of this
specialized type of pigment cell. MITF and orthodenticle homolog 2 (OTX2) (Martinez-Morales
etal. 2003) are central elements in development of this specialized type of pigment cell (Mochi et al.
1998) interacting with PAX6 and with many of the genes that are required for melanogenesis in
neural-crest-derived melanocytes. Other common factors including sonic hedgehog (Perron et al.
2003; Dakubo et al. 2008), FGF and RAS (Zhao et al. 2001), frizzled (Chang et al. 1999; Kameya et al.
2002), KITL/KIT, and EDN3/EDNRB function in the neural-crest-derived tissues, choroid and iris,
but not in the RPE, a fact that explains the classic black-eyed-white phenotype.

The mutant alleles of MITF are numerous and the phenotypes resulting from the various
genotypes influence pigmentation of the organs in complex ways (Fig. 3.19). This should make
mice mutant at Mitf an excellent model to study similarities and differences that relate to eye RPE
compared with neural-crest-derived pigmentation.

Albino mammals also have profound retinal abnormalities, including photoreceptor deficits and
misrouted neural pathways from the eye to the brain. Patterns of cell production are distorted and
delayed. At maturity, the central region is underdeveloped, rod photoreceptor numbers are
reduced, and pathways at the optic chiasm are disrupted, such that many retinal axons tend to
connect to the opposite brain hemisphere at the expense of the same side, reducing binocular vision
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(Jeffery 2001a, 2001b; Giménez et al. 2004). Humans differ somewhat from mice in this respect
(Neveu et al. 2006). These retinal abnormalities result in significant visual impairment (Kinnear
et al. 1985; King et al. 2003a). Lavado et al. (2006) demonstrated, using transgenic mice, that the
presence of L-dopa will repair the abnormal optic development that is caused by albinism. Lopez
et al. (2008) showed that L-dopa is the ligand for GPR143, the product of Oa1 (Ocular albinism 1; see
section 4.4), and Young et al. (2008) found evidence that this receptor signals through G i3. Thus,
the Oal gene product functions as an intracellular receptor that responds to its ligand (r-dopa,
generated by melanogenesis) by activating a signaling pathway that is necessary (probably indir-
ectly) for normal development of the optic nerve.

The fact that there are differential controls over pigmentation of the eye and skin is further
emphasized by the black-eyed-white phenotypes of mice that are mutant at Kit or Kitl, which impact
the neural-crest melanocytes but not the RPE cells (Mintz & Klein-Szanto 1992), as do some Albino-
locus alleles and some alleles of Mitf. TYR is differentially regulated in the two pigment-cell lineages
(Porter & Meyer 1994; Camacho-Hiibner & Beermann 2001). The complexity of regulatory
controls over the Tyr locus and the MITF protein and locus (Bharti et al. 2008) suggest a wealth of
information yet to be mined by study of the genes that interactively and differentially affect the RPE
and neural-crest melanocytes.

Figure 3.41 Calico cats. These pictures are not intended to show the usual but indeed

a most unusual manifestation of the combination of Lyonization plus white spotting to
produce calicos with perfect stripes. The genotype of the cat is otherwise Nonagouti black
and Nondilute (a/a B/B D/-). It is rare because of the beautiful arrangement of the
stripes/patches; the cat was used as the poster-feline for an animal welfare organization.
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‘Albinism’ and the Failure of Normal
Melanosome Maturation

Figure 4.1 Mice mutant at the Albino (C, Tyr, Tyrosinase) locus. The mouse at the back is
Tyrc44H Tyrc-44H (Dark-eyed albino) and the mouse at the front is Tyr¢"/ Tyrc-h
(Himalayan). For a discussion of alleles at the Albino locus see Beermann et al. (2004).

The Colors of Mice: A Model Genetic Network, 1st edition. By M. Lynn Lamoreux, Véronique Delmas, Lionel Larue, and
Dorothy C. Bennett. Published 2010 by Blackwell Publishing Ltd.
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4.1 Background

In this chapter we discuss the process of creation of the differentiated product of the pigment cell,
the melanosome, which is fulfilling expectation as an excellent model for studying basic principles
of organelle biogenesis, protein processing, sorting, and trafficking, and a number of human
pigment-related diseases such as albinism, Hermansky-Pudlak syndrome, Chediak-Higashi syn-
drome, and Griscelli syndrome (Yasumoto et al. 2004; Raposo & Marks 2007).

In mice, the development (Chapter 3) and maturation of melanocytes (pigment cells) to their dif-
ferentiated phenotype is complete soon after birth, when most of the pigment cells of the skin have
come to reside in the hair follicles, some in the bulge region where they remain as melanocyte stem
cells, and others in the bulb, where they differentiate to become pigmented melanocytes that
deposit pigmented organelles (pigment granules, melanosomes), in elegantly controlled patterns,
into the growing hair. In every subsequent molt cycle some of the melanocyte stem cells move
down into the regenerating bulb to repeat the cycle of growth and differentiation. In humans, many
melanosomes are also deposited into the basal layer of the epidermis, whereas adult mice have few
melanocytes in the epidermis.

Processes required in the construction and function of a normal melanosome include:

 production and aggregation of the proteins that make up the primary matrix of the melanosome
(section 4.2);

e production of the melanogenic enzymes (section 4.3);

 controlling the internal environment required by the melanosomal enzymes as they are trans-
ported to and maintained within the melanosome (section 4.4);

e processing and routing the melanosomal enzymes to the melanosome (section 4.5);

e transporting the melanosome from the area around the nucleus where it is produced to
the periphery of the cell, where it is exported, usually to a keratinocyte of the skin or hair
(section 4.6).

Defects in the genetic code that organizes these functions, preserved in mutant inbred mice and
manipulated cell cultures, have elucidated several human diseases, including cancers, and have
contributed impressively to our understanding of how cells function.

Failure of normal pigmentation within melanosomes defines albinism; however, the terminology
in the literature is somewhat confusing and has evolved over time. In earlier days, the term was
used differently by mouse geneticists and by physicians. Mouse geneticists generally restricted the
term “albino’ or “albinism’ to apply to mutation at the Albino (C, now termed Tyrosinase, Tyr) locus;
physicians often used the term albinism to refer to any sort of hypopigmentation. Today we can
usually be more specific. Physicians recognize that the difference between albinism and white spot-
ting is significant and the words ‘partial albinism’ (to refer to white spotting) and hypopigmentation
(unless the cause is unknown) are falling out of favor. The geneticists” outlook has been broadened
to include any defect in the processes involved in generating a normally pigmented melanosome
within a viable pigment cell.

The Albino (C, Tyr, Tyrosinase) locus encodes the rate-limiting enzyme necessary for the produc-
tion of melanin pigment within the melanosome (Fig. 4.2). However, many other loci with various
distinct functions contribute to normal melanization within the pigment cell; defects at several
of these loci can result in a generally similar ‘albino’ phenotype. Therefore, we will use the term
albinism to apply to any failure of differentiation of viable melanocytes. This usage is not entirely
logical with regard to melanogenesis, but is now standard.
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Figure 4.2 Mice mutant at the Albino locus. Both alleles generate a mottled (chimeric)
phenotype, apparently the result of mutation at an upstream regulatory region. On the left is
Tyre™ Tyre™m(Chinchilla mottled) and on the rightis Tyr¢e™/ Tyrcem ( Extreme-dilution-
mottled).

Albino mammals have healthy pigment cells, but are incapable of making normally pigmented
melanosomes. Completely albino mice are phenotypically white (lacking pigment in the skin
and hairs) with pink eyes (pink because there is no pigment to mask the color of the blood circulat-
ing in the eyes). These white mice, unlike white-spotted mice, do have melanocytes, but their
melanosomes are unpigmented. Melanogenesis is necessary for normal development and func-
tion of the eyes. Moreover, the retinal melanin behind the rods and cones reduces light-scatter, thus
increasing the acuity of vision. Melanogenesis, interestingly, is also required for normal develop-
ment of the optic chiasma. Therefore, the syndrome of “albinism’ also includes visual impairment,
regardless of which genetic lesion causes reduced melanogenesis. Oculocutaneous albinism is
a leading cause of visual anomalies in humans and other mammals. More than 10% of admis-
sions worldwide to institutions for the visually impaired are due to some form of albinism (Manga
etal. 2001).

A complex array of genetically controlled processes is required to generate normal melanosomes,
and many genes regulate these processes, and therefore the overall syndrome of reduced pigmenta-
tion associated with visual defect is similarly complex. Complete albinism caused by failure of the
rate-limiting enzyme tyrosinase (TYR) is referred to as oculocutaneous albinism type IA (OCA1A).
Albino mammals with lesser melanogenic defects have lesser ocular and cutaneous defects
(OCA1B, OCA2, OCA3, OCA4), which are defined by the genetic lesion as will be discussed below.
Oculocutaneous albinism generally refers to a defect of mechanisms specific to melanogenesis and
so specific to the structure and function of melanosomes.
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Figure 4.3 Two of these mice have routing defects. Front to rear: Cappuccino
(Cno®™/Cno®™), Ruby-eye 2 (Hps5™4/Hps5™2), and the control black mouse. Ruby-eye 2
(Hps5™2/Hps5™2) has been renamed for the human disease, Hermansky—Pudlak
Syndrome type 5. Ruby-eye and Ruby-eye 2 mice look very similar to each other, as do
other mice whose mutations affect the various proteins of BLOC2 (biogenesis of lysosome-
related organelle complex-2). These similarities were used in identifying the components of
the BLOCs. The different appearance of Cappuccino (cno/cno) mice reflects their
relationship with BLOC1. The black mouse is a control representing the fact that all three

of the mice are Nonagouti, Black, but the control is normal at both the Ruby-eye 2 and
Cappuccinoloci.

The melanosome is a member of the secretory lysosome-related family of organelles, which
includes melanosomes and insect pigment granules, as well as platelet dense granules, lytic gran-
ules, MHC class IT compartments, basophil granules, and azurophil granules. Hermansky—Pudlak
syndromes are a set of related disorders of this lysosomal class of organelles (Fig. 4.3). The symptoms
of Hermansky—-Pudlak syndrome accordingly include those of oculocutaneous albinism, as well as
ableeding disorder and, in some patients, ceroid storage and progressive lung disease. The pigmenta-
tion problems associated with Hermansky—Pudlak syndrome result from defects of the proteins
whose function is to route the melanosomal proteins from the endoplasmic reticulum (ER) to the
melanosome. Other members of the secretory lysosome organelle family are similarly affected by
failure of correct routing of their specific proteins (Huizing et al. 2008).

Chediak-Higashi syndrome, also a routing defect, is a rare, autosomal recessive disorder charac-
terized by reduced pigmentation, severe immunologic deficiency with neutropenia and lack of
natural killer cells, a bleeding tendency, and neurologic abnormalities. Griscelli syndrome reflects a
defect in the normal transport and transfer of melanosomes themselves from the pigment cells into
the keratinocytes of the skin and/or hair. Mice mutant at loci that are responsible for all this activity
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Figure 4.4 The Nonagouti, Black control mouse on the left contrasts with the Nonagouti,
Black, Dilute (Myo5a“Myo5a“) mouse on the right. Both are C57BL/6J. The dilute
phenotype is caused by failure of the melanosomes to be properly transported to the
periphery of the cell for deposition into the growing hair. The pigment itself is not ‘diluted,’
nor very much reduced, but its deposition into the hairs is irregular so that light is scattered.
This phenotype is characteristic of mice and other vertebrates that are defective in
melanosome transport.

have played a significant role in describing both the comparable human diseases and the cellular and
molecular defects responsible for them (Barral & Seabra 2004).

The melanocyte is capable of producing two major types of melanosomes containing the two
major classes of melanin pigment: eumelanin is dark black or brown (Fig. 4.4), while pheomelanin
is variously referred to as red, yellow, or orange, depending upon species (Fig. 4.6), and in mice as
yellow. Eumelanins and pheomelanins have been analyzed chemically and quite well described
(Ozeki et al. 1997a, 1997b; Napolitano et al. 2000; Prota 2000; Lamoreux et al. 2001; Ito &
Wakamatsu 2006).

Pigment-type switching, from eumelanin to pheomelanin or the reverse, is a complex process
that involves rapid and reversible changes in a coordinated array of processes and proteins that
function in producing melanosomes. Here we discuss eumelanogenesis and the melanogenic
defects that have illuminated the array of processes necessary for creation of eumelanosomes
(Fig. 4.7). From time to time we will comment on differences between eumelanic and pheomelanic
mice/cells when the information is available. However, pigment-type switching itself will be
described in Chapter 5.

Domestic animals have contributed significantly to our understanding of pigmentation, and
especially of melanogenesis, and so a cautionary note regarding terminology may be useful here.
Because artificial selection of livestock and pet species began hundreds of years before the science of
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Figure 4.5 Agouti ‘Silver’ Tabby cat. The Tabby locus in the domestic cat is unlike murine
loci phenotypically, and apparently genetically (Lyons et al. 2006). The cat is an agouti, in
that respect similar to the cat in Fig. 1.7 and to wild-type animals of most species, including
mice. Agouti animals have hairs with pheomelanic and eumelanic bands. The feline Tabby
locus imposes a spatial pattern to the banding (Robinson 1971). Hairs in the yellow stripes
on the animal are primarily pheomelanic; hairs in the nonyellow stripes are tipped with
eumelanin and most often banded with pheomelanin. This cat also carries

a gene that causes the pheomelanic pigmentation to be drastically reduced in the same way
(grossly) that Albino-locus mutations do in mice. Cat fanciers refer to this dominant gene as
the Inhibitor (I) gene (Turner & Robinson 1980) or more commonly as the silver phenotype,
not to be confused with the Silver gene locus in other species (Menotti-Raymond et al.
2009). This picture was chosen to illustrate the differential effect of some mutant alleles on
pheomelanin or eumelanin (a normal tabby cat would have ruddy yellow stripes between
the black (or brown) stripes) and also to interpret some of the breeder terminology.

genetics, the names of breeds and colors are often much more artistic than they are scientific. A
‘breed” of domestic animal is the result of artificial selection according to human desires, more lately
to a ‘standard of excellence’ that is written and interpreted by breeders and fanciers. Individual
breeds have been selected (mostly unawares) for specific collections of genotypes. However, a breed
of domestic animal is not an inbred strain as defined in mice. A breed is genetically highly variable;
an inbred strain is genetically homogeneous as a result of 20 or more generations of sibling mating
or the equivalent. Similarly, the breeders” descriptions of colors are not the technical names of
phenotypes as used in genetics. The technical name of a phenotype is (or should be) as specific as
the nomenclature of the gene that generates it. For example, the term ‘silver’ applied to breeds
or color variants of livestock or pets may (or may not) reflect a variant at the Silver locus. The cat
in Fig. 4.5, though labeled by cat fanciers a ‘silver tabby,” is actually the result of mutation at the
Inhibitor locus (Turner & Robinson 1980), so named because of phenotypic inhibition of pheome-
lanic pigmentation. It is not our purpose to unravel breeder terminology for multiple species. We
will use phenotype terms that apply specifically to murine mutant loci, but from time to time we
will also mention phenotype names of other species that sometimes cause a bit of confusion.
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Figure 4.6 A red (orange) cat. The eumelanin/pheomelanin alternative of the cat and
the Syrian hamster are regulated by the genotype of an X-linked gene; referred to in the
cat as Orange and in the hamster as Sex-linked yellow. Similar to the Recessive yellow
locus of the mouse, the phenotype in the cat (and the hamster) is cell autonomous, as
demonstrated by the patchiness of the coat pattern. The result, in cats (and hamsters)

that are heterozygous at this locus, is the chimerism that we discussed in Chapter 3. The
Sly gene of the Syrian hamster has been identified as a ‘melanocortin pathway component
that acts similarly to, but is genetically distinct from, Mc1r’ (Alizadeh et al. 2009).

F : s - T /
Figure 4.7 Nonagouti, brown, eumelanic, nontabby (a/a b/b O*/O* t/t) Persian breed of
cat. This color cat is known by cat fanciers as chocolate, not to be confused with the mouse
Chocolate locus. The gene(s) that determine hair (and nose) length are independent of
the color genes.
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4.1.1 How to make a melanosome

The complex job of the differentiated pigment cell in the skin, hair, eyes, and a few other organs is to
generate the proteins required to create a melanosome (pigment granule), and assemble them
appropriately. Assembly also has to be done carefully, because melanogenesis is a toxic process.

The forming melanosome buds off from the ER of the melanocyte as a multivesicular body, a
stage I melanosome (Fig. 4.8a). The protein product(s) of the Silver locus, SI/PMEL17/GP100
(GP100 is the human protein; it is known as GP87 in mice), is then delivered to the multivesicular
body. When sequestered within the multivesicular body, the SI protein molecules are clipped into
two portions, of which one self-assembles to form the highly structured, striated internal lattice that
defines the stage Il eumelanosome and produces its elliptical outline (Fig. 4.8b; see below).

In biogenesis of the eumelanosome, proteins including the three catalytic enzymes are trans-
ported through the cytoplasm in small membrane-bound transport vesicles to the maturing
melanosome. When the transport vesicles arrive at the melanosome, they and the melanosomal
membrane fuse, and the melanogenic enzymes, which are transmembrane proteins with the active
site now inside the organelle, become active. The enzymes then begin to make pigment and eume-
lanins polymerize on the intraluminal matrix. Deposition of visible pigment, while striations are
still visible, defines the stage III melanosome and melanogenesis (Fig. 4.8¢).

At stage IV (Fig. 4.8d) the maturation process is complete. Melanin may incorporate some
nonessential or harmful molecules that happen to be present, such as nicotine. Thus the specific
structure of a melanin is somewhat variable, but the basic structure has been described (Ito &
Wakamatsu 2003, 2008). As the stage IV melanosome becomes fully infused with melanin pigment,
the pigment cell transports the pigment granule along microtubules to the ends of its dendrites,
which contact neighboring keratinocytes of the skin or hair base. In humans, much of the skin color

Figure 4.8 Eumelanosomes: (a) stage I; (b) stage Il; (c) stage IlI; (d) stage IV.
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(apart from the pink, which is due to hemoglobin) results from deposition of melanosomes into the
basal layer of the epidermis. In mice, most of the melanocytes reside in the hair follicles, where they
deposit melanosomes into the hairs during the anagen (growing) phase of the hair cycle.

Pheomelanosomes of mice lack any structured matrix because they lack SI protein; the products
of the Pink-eyed dilution and Underwhite loci are also absent. The catalytic enzymes that contribute
to the structure of the melanosome are also affected. Tyrosinase-related protein 1 (TYRP1) and
dopachrome tautomerase (DCT) are essentially absent from pheomelanosomes, whereas TYR
activity is reduced (Kobayashi et al. 1995; Lamoreux et al. 1995). Thus a pheomelanosome is
both structurally and functionally quite different from a eumelanosome. Pheomelanogenesis is
discussed in Chapter 5.

In sum, the construction of a melanosome requires several classes of proteins: (1) the primary
matrix protein, the silver protein, SI/PMEL17/GP100; (2) the enzymes that catalyze melanogenesis;
(3) membrane proteins that regulate the interior milieu of the melanosome, and (4) proteins that
are involved with the processing and routing of proteins and transport of the melanosome within
the cell. And of course each of these proteins is encoded at a different locus. Thus, a large number
of pigmentary genes are involved with the construction and delivery of melanosomes. A defect in
any of the involved processes can result in ‘albinism.” We will discuss these aspects of pigmenta-
tion under the five categories of structure: the matrix (section 4.2), melanogenic enzymes (sec-
tion 4.3), regulators (section 4.4), the routing proteins that sort and deliver these to the maturing
melanosome (section 4.5), and transport of melanosomes within the pigment cell (section 4.6).

4.2 The melanosomal matrix
Silver (Si, Pmel17, Gp87)

MGl lists one spontaneous phenotypic allele.
Availability: CMMR, JAX, and MMRRC (see Appendix in Chapter 1 for details about
repositories).

Si encodes a structural protein responsible for converting the melanosome from the immature,
relatively amorphous membrane-enclosed vesicle to the typical striated structure of the stage II
eumelanosome. The protein encoded at the Silver (i) locus (SI, GP87, PMEL17, PMEL,; also known
in humans as antigens gp100, NKIbeteb) is a melanocyte-specific protein required for the formation
of the matrix upon which melanins are deposited in eumelanosomes (Kwon et al. 1994, 1995; Theos
et al. 2006). Synthesized as a 70-kDa transmembrane protein, it is modified by Golgi-associated
oligosaccharide transferases before being delivered via endosomes to the stage I multivesicular
melanosomes (Harper et al. 2008). There it is cleaved and becomes luminal, and highly structured
in eumelanosomes (Raposo & Marks 2007). The ‘fibrils,” which resemble amyloid, form much of
the internal structure of the stage II eumelanosome and confer its elongated shape (Theos et al.
2006; Harper et al. 2008). Once this structural reorganization occurs, eumelanogenic enzymes
TYR, TYRP1, and DCT are separately targeted to the melanosomes, and become competent to
synthesize eumelanin pigment (Yasumoto et al. 2004).

The murine Silver (Si*) mutation is the result of a G-to-A substitution in the cytoplasmic tail
of the SI protein that gives a truncated protein lacking targeting motifs in its cytoplasmic
tail (Martinez-Esparza et al. 1999; Solano et al. 2000; Theos et al. 2005a). Because of this defect, SI
protein tends to be translocated to the cell membrane rather than to the melanosome, and is
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Figure 4.9 Silver (Si¥/Si¥, labeled ‘si/si’) and non-silver (‘si+/si+’) mice that are
Cordovan, Brown, or Black (b¢, b, or B) at the locus (Tyrp1) that determines whether black
or brown pigment will be deposited on the melanosome in eumelanic mice. Silvering is
more apparent in homozygous Silver mice that are mutant at Tyrp1. Silver, Black mice of
the C57BL/6J and JUCtLm strains show very little silvering but there is a slight difference
in their appearance compared with mice that are wild type at the Silverlocus. In Cordovan
mice, however, the difference between silver and nonsilver is easy to see. Do not confuse
the light reflections with silvering. Strain background also influences expression of Silver.

inefficiently exported from the ER, resulting in overall larger melanosomes with a round morphology
and few or no striations (Theos et al. 2006). The general phenotype in animals with mutations
in Silver is a reduction in the amount of pigmentation; as a potential explanation, there is evidence in
mice for a reduced number of melanocytes (Chase & Rauch 1950), supported by the poor viability
of cultured Silver melanocytes, which is counteracted by an inhibitor of TYR (Spanakis et al. 1992;
D.C. Bennett, unpublished results). These melanocytes are not hypopigmented, suggesting that the
pigmentary defect in vivo may likewise be one of cell death, perhaps due to failure of SI-deficient
melanosomes to bind and sequester toxic melanin intermediates. In mice the reduction in coat
pigmentation is modest (see Silvers 1979) and minimal in C57BL/6] mice (M.L. Lamoreux, per-
sonal observation; and see Figs 4.9 and 4.11). In some other animals, null mutations lead to nearly
complete absence of pigment. Thus, phenotypes of vertebrates mutant at Silver are somewhat vari-
able, but generally semi-dominant.

The mouse melanocyte apparently expresses only one type of silver protein (Martinez-Esparza
et al. 1999). The Si gene promoter in mice contains an M-box, indicating probable regulation
by microphthalmia-related transcription factor (MITF; among other transcription factors). In
the zebrafish, mutation of the Si homolog Fdv (Fading vision) locus results in a pale body color
(Schonthaler et al. 2005). The vision defect is caused by developmental aberrations and reinforces
the fact that pigmentation is necessary for normal development of the eyes.
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Figure 4.10 Merle dogs. Ripple (rear) is a Nonagouti, Black (a/a, Tyrp18/ Tyrp18) dog that
is heterozygous for the dominant Merle mutation at the Silverlocus. Puppy (front) is similar,
but Black-and-tan (a'/a') at the Agoutilocus, and also carries the dominant modifying gene
that causes the patches of different colors to be larger and more defined (Clark et al. 2008).
He also has white spotting. See also Fig. 2.1.

Dominant white, as seen in the ubiquitous White Leghorn egg-production breed of chicken, is
a pigment defect associated with the homolog of the Si locus, as are the Smokey and Dun mutant
alleles of the chicken, whose effects are less extreme (Kerje et al. 2004).

Silver mutations found in dogs, horses, cattle, and mice have been useful in clarifying the relation-
ship between phenotypes and their genetic cause. ‘Merle” and ‘harlequin’ dogs of many breeds
(Fig. 4.10) are heterozygous for a transposable element that essentially inactivates the Silver gene
(Clark et al. 2006, 2008). The patchy patterns of pigmentation in these heterozygous dogs reflects
excision of the element, plus the influence of a dominant modifier gene that affects the size
and character of the resulting clone of normally pigmented hairs (Whitney & Lamoreux 1982;
Sponenberg & Lamoreux 1985). The mutant modifier gene is lethal in the homozygous state (Clark
et al. 2008). Dogs that are homozygous for the Merle mutation are very pale, nearly white in color,
with occasional pale spots that presumably represent reversion to the heterozygous condition.

In some breeds of ponies and horses, a color variant that is usually known as ‘silver-dapple’
typically causes very pale mane, tail and legs, with silvered, brownish looking dapples on the body.
This phenotype is caused by a mutation at the Silver locus (Brunberg et al. 2006). Many variations
in phenotypic expression of this mutant depend upon the basic color of the pony or horse result-
ing from segregation of alleles at other loci (for a discussion of the relationship between geno-
types and colors of horses see Sponenberg (2009) and the University of California at Davis website,
www.vgl.ucdavis.edu/services/coatcolorhorse.php). The typical ‘silver dapple” pony or horse
(Fig. 4.12) is heterozygous for a mutant silver protein and is also bay in color. In horses, bay is the
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Figure 4.11 Two brown mice with and without silvering. A C57BL/6J-Tyrp 1%/ Tyrp1°, si/si
(brown, silver) mouse is shown at the rear, to the right, and a control mouse, brown without
silver, C57BL/6J-Tyrp1% Tyrp1°, Si/Si, is at the front, to the left. Do not confuse the light
reflections on both mice with the silvering on the right-hand mouse.

wild-type color, consisting of patterns of eumelanin and pheomelanin that typically are not agouti,
asin mice, but are distributed over the body (Fig. 1.17). Bay horses often have a more or less obvious
pattern of dapples on the body that are formed by irregular distribution of eumelanin and pheome-
lanin pigments. We have referred to this pattern as it is enhanced by mutation at the Gray locus of
the horse in Chapter 3. Bay horses always have eumelanic ‘points;’ that is, mane, tail and legs. In
such a pony or horse that would otherwise have a black mane, tail, and legs and some dark hairs on
the body, the eumelanic (black in this example) pigmentation is reduced by heterozygosity at the
Silver locus, but any pheomelanic pigmentation is not appreciably reduced. The result is a ‘silver
dapple” phenotype with reduced pigmentation of the eumelanic dapples of the body and nearly
white mane, tail, and legs.

The Silverlocus has been implicated, by mapping, as a cause of the dilution of the Charolais breed
of cattle, which are genetically pheomelanic (Gutiérrez-Gil et al. 2007) but a creamy off-white in
color. Silver mutant phenotypes are reported in both pheomelanic and eumelanic Highland cattle
(Berryere et al. 2007) where the heterozygous pheomelanic animals appear to be more intensely
pigmented than the eumelanic, and the homozygotes, both black and yellow, are approximately of
the shade of Charolais breed of cattle, as shown in Figure 4.13. Figures 2.6 and 5.11 show cattle that
carry the Silver gene from a Charolais origin.

In all the examples given above, Silver mutations of other species inform the condition in mice,
where the silver phenotype is not so strongly expressed on many inbred backgrounds. In each other
species, the mutation reduces the eumelanic (black/brown) pigmentation more than it reduces
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Figure 4.12 Silver dapple color, Rocky Mountain breed of horse. Photograph courtesy of
Philip Sponenberg (Sponenberg 2009).

Figure 4.13 Charolais breed of bull, believed to be homozygous for a mutant Silver gene.
Courtesy of the Britten Trust.
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pheomelanic (yellow/red) pigmentation on the same animal or similar animals. The differential
reduction of eumelanic compared with pheomelanic pigmentation is not surprising, given that
pheomelanic pigment cells do not contain silver protein, at least not in mice (Chiu et al. 1993).

In Silver mutant mice, a reduction in yellow pigmentation has been discussed by Silvers (1979)
and was originally reported by Dunn and Thigpen (1930). Those mice were not inbred. Lamoreux
(unpublished results) created three lines of C57BL/ 6] Silver mice. In the process of backcrossing
on to the C57BL/¢] inbred strain it was evident that at least one and probably two modifying
factor(s) were lost as the backcrossing progressed. Reduced pigmentation was not seen on a
yellow background, but was seen on a eumelanic background (Figs 4.9 and 4.11). The eumelanic
C57BL/6]-si/si mice were much less affected by the mutant genotype than the original stock that
had been selected for maximum expression of the silvering. These mice are available at MMRRC.

Silver phenotypes of mice are influenced by the genotype at the Brown (Tyrp1) locus, as described
in Silvers (1979), so that the silvering is more evident in mice that are heterozygous than homozygous
for the Tyrp1® mutation. A similar relationship is evident in the C57BL/¢J-silver lines. Cordovan
silver (B6-Tyrp1"¢/ Tyrp1t<, Si!/ Si") mice are more silvered than black silver (B6-Tyrp1*/ Tyrp1™,
Si!/ Si") mice (Fig. 4.9), and mice that are heterozygous for brown (Tyrp1™/ Tyrp1® Si*/ Si*t) are more
silvered than either homozygote (these mice are available at MMRRC). The reduction of pigmenta-
tion is more obvious at the base of the hairs than superficially, and on the B6 background did not
increase with age after the first molt, as described by Dunn and Thigpen (1930). These interactions
suggest a physical relationship between the SI protein and TYRP1, as proposed by Silvers. Given
that the SIis a major structural protein of the melanosome and TYRP1 is an enzyme that forms an
integral part of the melanosome, it is not surprising that their functions might interact.

The “‘white-based hair’ phenotype in mice has been attributed to progressive loss of pigment cells
from the hair follicle during hair growth, so that the tip of the hair is pigmented and the base is
not. This phenotype has been reported in mice mutant at the Si, Tyrp1, and Dct loci. In the case of
DctSLt Budd and Jackson (1995) demonstrated that Albino (Tyr¢/ Tyr®) mice of the mutant genotype
did not experience the progressive melanocyte loss that is seen in the hairs of pigmented mice. They
proposed that the melanocyte death was the result of toxic compounds of the melanogenic
pathway leaking from the melanosome because of its aberrant structure. This explanation may also
apply to white-based hair phenotypes of mice mutant at Tyrpl and Si, to the high death rate of
cultured Silver melanocytes (Spanakis et al. 1992), and to the more severe pigmentary defects
in Silver mutants of other species.

The availability of inbred mice mutant at Si and at Tyrp1, as well as several vertebrate species
that carry a variety of naturally occurring mutations of the Si locus, opens a number of avenues
to enhance our understanding of the cell biology of the melanocyte and of other cells that may
be more important to us. It is worth noting that Harper (2008) found the SI protein to fulfill
several criteria as an amyloid. The ways in which the pigment cell sequesters melanin safely in
the melanosome, and disposes of defective melanosomes or their components, may therefore
be potentially useful in the study of several human disorders that involve amyloids, including
Alzheimer’s disease. In Chapter 3, we briefly described Notch as a factor in differentiation of
melanoblasts. Notch and presenilins are components of the signaling pathway involved in pro-
cessing amyloid precursor protein, and they function in intracellular protein transport, including
transport of TYR (Wang et al. 2006; De Strooper & Annaert 2001) and proteins defective in familial
Alzheimer’s. Notch is also required for normal pigmentation, apparently acting at the stage of dif-
ferentiation of the melanocyte or melanosome (Moriyama et al. 2006; Schouwey et al. 2007; Aubin-
Houzelstein et al. 2008). These relationships further expand the number of useful questions that
can be addressed using mutations associated with pigmentation.



146 PART Il THE PIGMENTARY LOCI

Clearly, the phenotypic expression at the Silver locus is responsive to several other factors in the
cell. It is tempting to wonder whether one of these may be Gpnmb, discussed below.

Gpnmb (Glycoprotein transmembrane NMB)

MGI lists seven mutant alleles at this locus, of which one (Gpnmb™®%; which has been changed
to GpnmbRP™¥) is spontaneous.
Availability: JAX.

GPNMB is a highly glycosylated type I transmembrane protein that shares significant sequence
homology with several melanosomal proteins, including 30% homology with SI. GPNMB is
expressed in melanocytes and melanoblasts and its expression is dependent on MITF (Loftus et al.
2008). In early development Gpnmb mRNA is detected at high levels in the retinal pigment epithe-
lium. Sequence homology to known melanosomal proteins, mRNA expression, and subcellular
localization suggest that GPNMB is an intracellular, endosome-/melanosome-specific protein
important for melanin biosynthesis and the development of the retinal pigment epithelium and iris.
GPNMB is involved in the syndrome of defects that cause glaucoma in DBA/2J mice, which are
mutant at the Dilute, Brown, and Agouti loci (Chang et al. 1999; Anderson et al. 2002; Bachner et al.
2002). Anderson and coworkers (2002) identified the spontaneous mutant of murine Gpnmb that
contributes to iris pigment dispersal, and they also found that an allele of Tyrp1 contributes to iris
stromal atrophy in the DBA /2] murine model for glaucoma. They suggest that each of the proteins
is required for normal melanosome structure. Further, they suggest that the glaucoma syndrome
results from leakage of toxic substances from the melanosome. This conclusion is based in the
observation that the syndrome is absent from mice that lack melanogenesis because of absence of
functional TYR. This is reminiscent of the similar proposals to explain the white-based hair pheno-
type in Tyrp153Lt/— mice, DetLt /— mice, and Silver mice. Furthermore, Anderson and coworkers
(2006) report differing expression of the iris stromal atrophy phenotype in congenic inbred strains
that carry different combinations of alleles. This concept of interacting factors driving the pheno-
type correlates with our observations of polygenic interactions between SI and TYRP1 driving the
phenotypes of the hair coat (see above), including the requirement of additional modifying genes.
Perhaps one of these is Gpmnb. Further study is needed.

4.3 The enzymes that catalyze melanogenesis

The deposition of eumelanin pigment upon and within the framework of the stage II melanosome
defines the beginning of stage III, as the organelle matures into a fully pigmented stage IV eume-
lanosome. At least three enzymes, the tyrosinase-related proteins, namely TYR, TYRP1, and DCT,
are involved in eumelanogenesis (Spritz & Hearing 1994; Winder et al. 1994). During pheomelano-
genesis, TYR activity is reduced, while TYRP1 and DCT are not expressed (Fig. 4.14).

Albino (C, Tyr, Tyrosinase)

Mutations at the human TYR locus cause OCA1A and OCA1B.

MGI lists 105 phenotypic alleles including 26 spontaneous ones, many of which are repeat
mutations to the null condition.

Availability: HAR, JAX, MMRRC, ORNL, and RBRC.
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Figure 4.14 (a) The melanogenic pathway (simplified from Ito & Wakamatsu 2008;
reproduced with permission of Wiley-Blackwell). The melanogenic enzymes, tyrosinase,
5,6-dihydroxyindole-2-carboxylic acid (DHICA) oxidase encoded at Tyrp1, and
dopachrome tautomerase (DCT) are shown in boxes and are discussed in this chapter.

(b) In nonagouti mice that are otherwise wild type at pigment loci, mutation in Dct results in
slaty mice (b, lower right mouse). Mutation in the DHICA oxidase gene (Tyrp1) results in
brown mice (b, rear). The mouse on the left in this picture is wild type. The eumelanin/
pheomelanin switch mechanism is discussed in Chapter 5. (c) The two pheomelanic mice
are (front) Recessive yellow, in which the MC1 receptor is mutant, and (back) Lethal yellow,
in which the Agoutilocus is mutant.

The mouse Albino locus encodes the rate-limiting enzyme required for melanogenesis, TYR
(Beermann et al. 2004). The function of TYR is to catalyze formation of melanin pigment in the
melanosome, and the result of correct gene function is pigmented melanosomes. At the phenotypic
level, therefore, the function of the Albino locus is to determine whether or not, and how much,
melanin will be produced. Oculocutaneous albinism type IA (OCA1A) is the human syndrome that
results from complete absence of TYR activity. If melanogenesis is only diminished, because of a
defect at this locus, the defect is known as OCA1B. The defects in naturally occurring OCA1A- and
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Figure 4.15 Eumelanic nonagouti black cat and eumelanic nonagouti black siamese
cat (mutant at the Albino locus, homologous to Himalayan mutation of the mouse), ¢//c".
The siamese cat illustrates an ocular effect of albinism.

OCA1B-like mice are encoded at the murine Albino locus and include temperature-sensitive alleles
(similar to ‘siamese” in the cat of Fig. 4.15 and the himalayan phenotype in rabbits, or the mouse in
Fig. 4.1). The mottled, chimeric mice shown in Fig. 4.2 are mutant at an upstream regulatory region
of the Albino locus. Some Albino locus alleles affect the hair more than the eyes (see the other mouse
in Fig. 4.1). One allele (Platinum) lacks the normal response to pheomelanogenesis.

Except in Platinum (Tyr?/ Tyr“?) mice (Orlow et al. 1993; Beermann 1995, 2004), pheomelanin
pigmentation is more reduced in non-null Tyr mutant mice than eumelanin (Lamoreux et al. 1986;
Lamoreux 1986; Lamoreux & Pendergast 1987). This same relationship is evident in Agouti,
Chinchilla (A/— Tyr**/ Tyr“®") mice, but the best way to observe this difference in mice is to com-
pare inbred mice that differ at the Agouti and Tyrosinase loci. A black (C57BL/6J-a/a Tyr/ Tyre)
Chinchilla mouse will be nearly indistinguishable from an ordinary black C57BL/6J-a/a mouse,
whereas the phenotype of the Chinchilla yellow mouse will be dramatically paler than that of a
C57BL/6J-A?/a yellow mouse.

If TYR is absent or nonfunctional, the melanocyte will contain unpigmented melanosomes and
the animal will be an albino, lacking melanin pigment in the skin, hair and eyes. The phenotype of
albino animals includes abnormal development of the optic nerves (it is not always so obvious as in
the cat on the right in Fig. 4.15). The optic-nerve abnormality is common to animals with reduced
melanogenesis, but is not generally shared by animals with white spotting. White-spotted animals,
but not albino animals, very often are deaf. Based on these phenotypes, it has been inferred that pig-
ment cells, not necessarily pigmentation, are required for normal function of the inner ear; while
melanogenesis itself is necessary for normal formation of the optic chiasma. These observations led
to studies that clarified the mechanisms by which pigment cells in the cochlea are necessary for
normal hearing (Steel & Brown 1994; Steel & Bussoli 1999), explaining the auditory effect of white
spotting. And it has recently been shown that the optic nerves, for their proper development,
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require the normal function of OA1, described below, a G-protein-coupled receptor that uses an
intermediate product of melanogenesis as ligand (Lavado et al. 2006; Lopez et al. 2008).

TYR is a copper-containing type I transmembrane glycoprotein that is the rate-limiting enzyme
necessary to catalyze the initial step in melanogenesis, conversion of tyrosine to dopaquinone, and
participates in other steps, including oxidation of DOPA (see Fig. 4.14). The intermediate com-
pounds produced during eumelanogenesis can be toxic to the cell, a fact that may explain the intri-
cate control that the cell exerts over the processing and trafficking of TYR. Defects in the enzyme
itself— or in any of a number of proteins involved in its processing — result in phenotypic albinism.

TYR undergoes a complex process of post-translational processing before reaching the melano-
some. This processing involves N-glycosylation in several sites, including one located in the CuB
copper-binding site (Olivares et al. 2003), as the enzyme moves from the ER to the Golgi, and is
sorted to the melanosome (Watabe et al. 2004). Sorting to the melanosome requires a dileucine
motif in the cytoplasmic tail (Honing et al. 1998). It is interesting that in melanosomal proteins
the dileucine is preceded by a highly conserved proline (PLL), strongly suggesting functionality,
but this is not yet understood. The dileucine motif is recognized by adaptor proteins 3 and 1 (AP-3
and AP-1), which are thought to function in partially redundant pathways to transfer TYR from
distinct endosomal subdomains to melanosomes (Theos et al. 2005b). Adaptor proteins are com-
ponents of transport vesicles and enable them to be targeted to the correct cellular compartment.

Processing and folding of TYR in the ER requires the chaperone molecule calnexin (Toyofuku
et al. 2001). Phenotypic and other evidence strongly suggest that TYR and TYRP1 (encoded at the
locus that determines whether eumelanic pigment will be black or brown, and discussed below)
interact physically. On a C57BL/ 6] background, black eumelanic mice that are homozygous for the
Chinchilla allele (Tyr“®"/Tyr“*) are somewhat reduced in intensity of color. The pigmentation
appears less ‘saturated,” and while the difference is small it has been sufficient to identify mutant
mice. Congenic Brown mice are not affected in that way by the Chinchilla mutation. These pheno-
types suggest that TYR and TYRP1 may interact physically, perhaps in the ER (Toyofuku et al.
2001); however, they probably are routed separately from the ER to the melanosome, and they
clearly function together in the melanosome. The interaction in the melanosome may be necessary
for normal eumelanogenesis (Kobayashi & Hearing 2007). In living tissues, TYR is not normally
active outside the melanosome, and in fact all of the melanogenic enzymes are carefully controlled
by the cell from the time of their production to their arrival in the melanosome. Many gene pro-
ducts are required for the maturation and correct routing and functioning of TYR, as discussed in
section 4.5. TYRP1 (below) is also required for full TYR activity.

Albino mice have been widely used for many biological applications; a panel of deletion muta-
tions caused by irradiation has been used for evaluation of albinism, mosaicism, and the functions
of nearby loci (Russell 1979; Russell & Raymer 1979; Russell et al. 1979, 1982; Rinchik 1993a). The
common murine Albino (OCA1A-like) defects are caused by Tyr mutations that interfere with the
processing or catalytic function of the protein. Proteins that are not correctly processed and sorted
through the ER are translocated to the cytosol and degraded by proteasomes (Svedine et al. 2004;
Watabe et al. 2004). Other naturally occurring mutant alleles illuminate additional details about the
functions of this locus (Beermann et al. 2004).

Mice homozygous for the alleles Chinchilla-mottled (Tyr“™) or Extreme-dilution-mottled (Tyr ™) are
chimeric, with stripes of pale and paler pigmentation. The ¢“" mutation arose within the ¢™ stock;
thus the mottling of both are of the same origin. The mutation modifies the expression of the
Tyr gene via a chromosomal rearrangement that impacts a DNase [-hypersensitive region 15 kb
upstream of the gene (Porter et al. 1991). In mice that are homozygous for one of these mottled
Albino-locus mutations and also for Piebald (Ednrb*), the calico pattern of patchiness (as described
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in Chapter 3) is present in pigmented areas near the white spotting (M.L. Lamoreux, personal
observation), an observation that further supports the clonal nature of the chimerism (see Chapter 3)
(Porteretal. 1991; Porter & Meyer 1994). The paler phenotype of the Tyr <"/ Tyr ““" mice, compared
with the Tyr“™/Tyr“™, is explained by an additional mutation that abolishes an N-glycosylation site
associated with the second metal-ion-binding site of the enzyme (Lavado et al. 2005). Thus the
problem of these mice, with regard to making pigment in the eyes and hair follicles, is caused by a
combination of coding and noncoding genomic alterations resulting in several abnormalities that
include suboptimal gene expression, abnormal protein processing, and reduced enzymatic activity
(Lavado et al. 2005). Furthermore, the eyes of these mice tend to be darker than expected relative to
the coat pigmentation.

Mice of the genotype Tyr<*H/Tyr~*H (also called Dark-eyed albinism) exhibit a dramatic dif-
ference between body pigmentation and eye pigmentation. Their fur is nearly white, yet the eyes
nearly fully pigmented. Schmidt and Beermann (1994) sequenced the cDNA to determine whether
the mutation affected the structural gene or the promoter. They determined that this allele is the
result of a single base-pair change in the structural gene, suggesting that the darker color in the eye
compared with hair results from a difference in protein processing.

Mice homozygous for the Platinum allele (Tyr?) are very pale in their pigmentation, in eyes and
hair, in spite of the fact that the cell lysates of the eyes and skin exhibit high TYR activity (Townsend
et al. 1981; Lamoreux & Pendergast 1987; Orlow et al. 1993, 1994). This mutant TYR lacks the
normal cytosolic tail, as the result of a point mutation (Beermann et al. 1995). Normally, the cyto-
solic tail of TYR binds to AP-3 (Honing et al. 1998) for transport to the melanosome. Most of the
TYR in platinum mice does not arrive at the melanosome, but takes the default routing pathway to
the plasma membrane.

The few alleles discussed above, and their multiple interactions with other pigment-related
proteins, illustrate some of the ways in which the Albino-locus mutant alleles have been used to
illuminate basic functions of the cell. More examples are found in the remainder of this chapter. It is
not surprising that such extensive controls over the processing and transport of TYR are necessary
in the cell. As mentioned, TYR is the rate-limiting enzyme for melanogenesis, and its substrate,
tyrosine, is a ubiquitous amino acid. In the presence of its substrate, TYR can generate a melanin-
like product even without other enzymes. Thus, cell survival also depends upon careful control of
the catalytic activity of TYR.

Tyrp1 (Brown, B, Tyrp1, Tyrosinase-related protein 1)

Mutations at the ‘black/brown’ locus can cause OCA3 in humans and can cause glaucoma in
mice, especially in combination with other susceptibility genes.

MGI lists 57 phenotypic alleles, nine of spontaneous occurrence, which are probably all
re-occurrences of the three original mutant alleles: Brown, Cordovan, and Light.

Availability: JAX, MMRRC, ORNL, and RBRC.

This locus encodes TYRP1, another transmembrane melanosomal enzyme that determines
whether eumelanic pigment will be black (when active) or brown (when inactive or absent)
(Bennett et al. 1990; Zdarsky et al. 1990; see the biochemical pathway in Fig. 4.14). Melanin pigment
in Brown (Tyrp1®/ Tyrp1®) mice (Fig. 4.16) or cats, dogs, or sheep (Fig. 4.17) is chocolate-colored,
rather than black. Cordovan (Tyrp1%</ Tyrp1”©) mice are darker, more akin to charcoal-brown. Light
(Tyrp1®!/—; sometimes referred to as B-Light) mice have an unusual pigment defect, in that the base
of the hairs lacks pigment, while the tips are of a color resembling that of Cordovan mice ( Johnson &
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Figure 4.16 A C57BL/6J- Tyrp1% Tyrp1° (eumelanic brown) mouse is shown on the left
and a eumelanic black control mouse, C57BL/6J-Tyrp 18/ Tyrp18, is shown on the right.

Figure 4.17 Brown Shetland breed of sheep.

Jackson 1992). B-Light is a semidominant defect; the others are recessive. The cause of the B-light
phenotype may be progressive loss of melanocytes from the hair follicle during each cycle of hair
growth. The loss may be caused by leakage of toxic melanogenic intermediates from the mutant
melanosomes, resulting in melanocyte death, as suggested by Budd and Jackson (1995) with regard
to slaty-light mice. These have a similar white-based hair phenotype and the Slaty product, DCT,
also forms part of the structure of the melanosome. OCA3 in humans is the result of mutation at the
TYRP1 locus (Boissy et al. 1996; Manga et al. 1997).

Various catalytic functions have historically been attributed to the TYRP1 by different reports or
work done under different conditions (Murray et al. 1983; Jiménez et al. 1991; Winder et al. 1993,
1994; Kobayashi et al. 1994; Orlow et al. 1994; Spritz & Hearing 1994; Vijayasaradhi et al. 1995;
Toyofuku et al. 2001). Some of the conflicting results are attributable to an apparent difference in
the function of TYRP1 between human and murine cells (Boissy et al. 1998); other differences in
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experimental results may reflect the tight physical and biochemical relationship between TYR
and TYRPI. As technologies improved, it was concluded that the catalytic function of TYRP1 in
mice (though not detected in humans) is 5,6-dihydroxyindole-2-carboxylic acid (DHICA) oxidase
(Kobayashi & Hearing 2007). Other functions include stabilization of the TYR protein and con-
tribution to the structure of the melanosome (Sarangarajan & Boissy 2001).

Brown (Tyrp®/ Tyrp®) mice (Fig. 4.16) produce only slightly less eumelanin than do Black
(Tyrp1®/—) mice. The difference in color of pigment arising from the crucial point mutation in this
allele apparently has a three-fold causation. First, the DHICA oxidase function of TYRP1 is absent
in these mice, resulting in incorporation of more DHICA and less 5,6-dihydroxyindole (DHI) into
the melanin (DHICA-based melanin is brown) (Ozeki et al. 1995). Second, the intimate relationship
of TYRP1 and TYR in the melanosome may influence the enzymatic functions of both (Kobayashi
etal. 1998; Toyofuku et al. 2001; Kobayashi & Hearing 2007). Third, brown melanosomes are smaller
than black ones and spherical rather than elongated (Russell 1946, 1949; Hearing et al. 1973), poten-
tially influencing the way in which the spectrum of white light is reflected to the eye. This suggests
a function of TYRP1 as a structural component of the melanosome, or alternatively a require-
ment for normal TYRP1 for correct incorporation or aggregation of matrix protein SI into the
melanosome and its matrix, since SI-deficient eumelanosomes are also spherical. Silvers (1979) and
the above section on SI both describe phenotypes that suggest a direct interaction of SI with TYRP1.

TYRP1, along with several other melanogenic proteins, is not expressed in melanocytes that
are making pheomelanin (Lamoreux et al. 1995; Kobayashi et al. 1995), as discussed in Chapter 5. As
a result, a yellow pigmentary phenotype is epistatic to nonyellow (eumelanic) whether it be black
or brown. Although TYRP1 is not concurrently expressed in cells that are making pheomelanin,
nevertheless there are a few eumelanosomes in yellow mice, especially in the tips of the dorsal
hairs. For this reason, there is a slightly warmer tone to the phenotypes of yellow animals that
are also homozygous for Tyrp1® (Brown) compared with those that are yellow and genetically
Tyrp1®/— (Black).

Melanocytes (identified by a silver-based stain technique) are more numerous and more
dopa-reactive in the epidermis of 3-day-old newborn inbred C57BL/10J Brown mice than in con-
genic Black mice (Hirobe 1984b). This difference appears to be related to a difference in the rate
of differentiation.

It has been reported that homozygosity for a Brown allele (Tyrp1™®) causes glaucoma in the
DBA/2 inbred strain of mice, which is mutant at Dilute, Brown, and Nonagouti. Because DBA/2]
carries known mutant alleles at two additional pigmentation loci, and at Gpnmb (see above), it is not
a convincing model for a one-gene hypothesis, but it does suggest interaction of the melanosomal
membrane with TYRP1 (Anderson et al. 2002). So, while the DBA/2 glaucoma model is useful
(Inman et al. 2006) and does seem to involve a mutant TYRP1, it does not convincingly attribute
specific phenotypic effects to the Tyrp1 locus.

Slaty (Slt, Dct, Dopachrome tautomerase, formerly Trp2, Tyrosinase-related protein 2)

MGl lists three spontaneous phenotypic alleles: Slaty (twice) and Slaty-light.
Availability: JAX, MMRRC, and RBRC.

The Slaty locus on chromosome 14 was originally termed Trp2 because it encodes a member of
the tyrosinase family of enzymes with TYR and TYRP1 (Cassady & Sturm 1994), which is regulated
in part by MITF (Schwahn et al. 2005). Slaty encodes the melanosomal enzyme dopachrome
tautomerase (Korner & Pawelek 1980; Hearing et al. 1992; Jackson et al. 1992; Tsukamoto et al.



CHAPTER 4 ‘ALBINISM’ AND THE FAILURE OF NORMAL MELANOSOME MATURATION 153

Figure 4.18 All these mice are nonagouti, eumelanic black. From left to right, at the Slaty
locus: Slaty (Dcts"/Dcts"), Slaty-light (DctS"t Y DctS'tLt) and wild type.

1992; Budd & Jackson 1995) (see Figs 4.14 and 4.18). Mutation at the Dct locus of mice is responsible
for a significant decrease in dopachrome-tautomerase activity and reduced intensity of eumelanic
pigmentation ( Jackson et al. 1992; Budd & Jackson 1995).

DCT is a type I transmembrane protein that functions as an enzyme in the eumelanosome.
Eumelanic Slaty (Dct**/ Dct*") mice are somewhat reduced in intensity of pigmentation compared
with the wild type. Slaty-light (DctS'*") is a semi-dominant allele that reduces the intensity of
pigmentation yet more. Slaty-light hairs lack pigment at their bases in a fashion similar to the hairs
of B-Light mice, described above. The white-based hair phenotype, and the work of Budd and
Jackson (1995), suggest that the structural integrity of the melanosome may depend upon DCT
(and other melanosomal proteins), and when aberrant may lead to progressive melanocyte death
during each hair growth cycle as a result of leakage of toxic intermediates of melanogenesis. DCT
is not expressed during pheomelanogenesis (Kobayashi et al. 1995; Lamoreux et al. 1995), as dis-
cussed in Chapter 5.

In the mutant Slaty (Dct**/—) mice, DCT is delivered normally to the stage Il melanosome. There
is no evidence of interaction with TYR or TYRP1 during processing (Costin et al. 2005). There seem
to be no phenotypically evident interactions with Silver, Brown, or Albino, or with Agouti-locus
alleles, but this possibility has not been investigated thoroughly.

4.4 Membrane proteins that regulate the internal milieu of the melanosome

Ocular albinism 1 (Oat, Gpr143, G protein-coupled receptor 143)

MGl lists two phenotypic alleles, neither of which are spontaneous.
Availability: TAC.

Ocular albinism type 1 (Oal, now Gpr143) encodes a seven-pass integral transmembrane protein, a
G-protein-coupled receptor (Sone & Orlow 2007; Young et al. 2008), which has therefore now been
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renamed G-protein-coupled receptor 143 (GPR143). GPR143/0A1 differs from all other known
G-protein-coupled receptors in being intracellular rather than on the plasma membrane, targeted
to late endosomes/lysosomes and melanosomes (Schiaffino & Tacchetti 2005).

It has long been deduced from murine phenotypes that the process of pigmentation (as opposed
to the presence of pigment cells) is required for normal development of the optic chiasma, and this
was confirmed for OA1 by Incerti et al. (2000). Lavado et al. (2006) reported that L-dopa (a product
of melanogenesis) is required for the appropriate development and innervation of the retina.
Subsequently Lopez et al. (2008) showed that L-dopa is the ligand for GPR143, and Young et al.
(2008) found evidence that it signals through G i3. Thus, OA1 functions as an intracellular receptor
that responds to its ligand (1-dopa, generated by melanogenesis) by activating a signaling pathway
that is necessary (probably indirectly) for normal development of the optic nerve.

In humans, oculocutaneous albinism type I is also known as Nettleship-Falls oculocutaneous
albinism. The effect of this condition on the eye is typical of the albinism syndrome: hypopigmenta-
tion of the retina, nystagmus, strabismus, foveal hypoplasia, deficient crossing of the optic fibers,
and reduced visual acuity (Oetting 2002). The syndrome is characterized additionally by the pres-
ence of abnormally large melanosomes. The reduced pigmentation is not caused by absence of
pigment cells, but by reduction in numbers of melanosomes within the cells. Analysis of an
Oal-knockout mouse suggests that the macromelanosomes are formed by abnormal growth of a
single melanosome, and not by the aggregation and fusion of several smaller melanosomes (Incerti
et al. 2000). It thus appears that the size of each melanosome is normally limited by G i3 signaling.
This makes sense because G i3 is a member of the G i or G, protein family, which inhibit cAMP syn-
thesis. Thus it could mediate negative feedback to prevent too-rapid or too much melanogenesis,
through CREB and MITF (Fig. 3.10). The exact mechanism is unknown, but since macromelano-
somes are not found in Oal-null mice that are also Albino (Tyr“¥/Tyr¥ or Slc45a2*"/Slc45a2"",
Underwhite), it appears that melanin synthesis is involved in the overgrowth of the melanosomes.
The structure of the eye is not affected by absence of pigment in albino mice (Cortese et al. 2005) or
by the pheomelanin/eumelanin alternative (Newton et al. 1996).

Palmisano et al. (2008) reported defective regulation of organelle transport in Oal-null
melanocytes, the melanosomes aggregating at the cell periphery. This suggests a potential third
function for GPR143.

Mottled, Mosaic, Pewter, Atp7a (ATPase, Cu?*-transporting, o polypeptide, MNK,
Menkes protein)

Twenty-three spontaneous phenotypic alleles of 37 phenotypic alleles are listed on JAX.
Availability: ORNL, JAX, MMRRC, HAR, TIGM, and RBRC.

The Mottled (Atp7a) locus of the mouse is X-linked and includes 37 naturally occurring alleles
(Mottled, Blotchy, Dappled, Brindled, Viable brindled, Tortoiseshell, and Mosaic are the best studied),
some of which are homozygous (hemizygous) lethal in utero at about embryonic day (E)12.5. This is
the mouse equivalent of Menkes syndrome in humans (Mercer 1998). Mutations in this gene affect
copper metabolism and, depending on the allele, result in abnormal pigmentation, with vibrissae,
hair, and skeleton abnormalities. Behavior may be abnormal and defects of collagen and elastin
fibers are reported (Monaco & Chelly 1995; Mercer & Llanos 2003).

The phenotypes of this series were analyzed extensively during the 1960s and 1970s in an effort to
deduce the nature of the lesion. These studies are described in detail in Silvers (1979), available online
at www.informatics.jax.org/wksilvers/, which provides an excellent example of the application of
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phenotypic studies to the understanding of gene function. Menkes et al. (1962) and Goka
etal. (1976) suggested that the mottled syndrome is caused by a primary defect in copper transport,
a conclusion that was confirmed subsequently using cellular and molecular methods (Reed &
Boyd 1997; Levinson et al. 1994; Mercer et al. 1994; Cecchi et al. 1997; Cunliffe et al. 2001; Llanos
et al. 2006; DeBie et al. 2007; Setty et al. 2008). Hunt (1974), reasoning from the aggregate defects
of coat color and texture, neurological disturbances, aortic aneurysm, and skeletal abnormalities,
suggested the locus as an animal model for Menkes disease.

Briefly, the phenotype of heterozygous females appears as a chimerism of pale and dark intensity
of the basic color that is determined at other loci. The hair is also a complex of strands of fine and
normal texture. The average percentage of dark and light color responds to selection that appar-
ently relates to X-linked modifiers (Falconer & Isaacson 1972). Brindled and Viable brindled males
suffer from a slight tremor and uncoordinated gait, as well as disturbances of the circulatory system
(Sidman et al. 1965; Hunt & Johnson 1972a, 1972b), and Brindled, Viable brindled, and Dappled
females may have aortic lesions (Rowe et al. 1974). When the animals are raised up by the tail,
the hind legs grasp each other (Falconer 1956) and their feet may be abnormal (Phillips 1961).
Some dappled (Phillips 1961) or mottled (Lyon 1960) females may develop calcified lumps in the
periosteum on the vertebral column in the lumbar and thoracic regions. Rib and limb bones of
hemizygous dappled males may be distorted around the time of their death. Mice bearing the
Atp7a™ (Tortoiseshell), Atp7a®° (Blotchy), or Atp7a™*" (Viable brindled) alleles each display a defect in
the cross-linking of both collagen and elastin.

The hemizygous males of course have only one X chromosome. If that X carries a mutation at the
Mottled locus, in surviving males the hairs are short and wavy and very pale, while pigmentation is
found primarily in skin of the ears, tail, and scrotum and the eyes, which are normally pigmented
(Phillips 1961).

In combination with either Piebald (Ednrb*/ Ednrb*) or Belted (Adamts20" / Adamts20 ™) white spot-
ting, in the homozygous condition, dappled phenotypes change from what we have described as the
tortoiseshell pattern (section 3.4.4; the tortoiseshell phenotype, not related to the tortoiseshell
allele) to what we have described as the calico pattern of pigmentation (section 3.4.5; the calico
phenotype). This fact strongly suggests an influence of Atp7a over pigmentary development, but
does not rule out its requirement also for development of skin. Interestingly, the calico phenotype
was not expressed in combinations of piebald with heterozygous Tortoiseshell (Atp7a™/Atp7a™)
females (Dickie 1954). Mercer (1998) discussed the possibility that control over copper metabolism,
via the Mottled (Atp7a) locus, may be influenced differently in different tissues, a possibility that
would explain the observation.

The availability of copper as a cofactor is essential for many cellular processes, including
pigmentation. TYR, the rate-limiting enzyme that initiates pigmentation in the melanosome,
requires copper ions as a component of its three-dimensional structure. Furthermore, copper is
required for the oxidation reaction itself. To fill this need, ATP7A located in the melanosomal
membrane functions to transport copper from the cytosol into the maturing organelle, thus mak-
ing it possible for TYR to attain its functional state. ATP7A is carried to the developing melanosome
by transporter protein complex BLOC1 (biogenesis of lysosome-related organelle complex-1) that
is discussed below (Setty et al. 2008). The questions of why TYR is not active until it reaches the
melanosome, and how this step of melanogenesis is so exquisitely controlled in living cells have
been posed for decades. The answers appear to lie in the complex controls over maturation of TYR,
including its delivery to the melanosome (discussed in section 4.5), and the availability of copper
ions via ATP7A, which is separate to the melanosome (Branza-Nichita et al. 1999; Olivares et al.
2003; Setty et al. 2007); and perhaps also including its functional interactions with TYRP1.
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4.5 Protein processing and routing to the maturing melanosome

TYR, TYRP1, and DCT are the enzymes that catalyze eumelanogenesis. Failure of the function of
these enzymes results in reduced pigmentation. This may result from mutation of their structural
loci, but may also result from mutation at other loci, responsible for the processing or transport of
the enzymes. As stated above, the enzymes, in living tissue, are not functional until they arrive in
the melanosome. They are processed and transported by a series of genetically controlled events
from their origin in the ER until they are delivered to the stage II eumelanosome, where they
become active. This correct sorting and routing is necessary for normal pigmentation and because
activation of the toxic melanogenic pathway would be harmful to the cell if it occurred outside the
melanosome. Control over these processes is accomplished by successive protein-sorting events.
Proteins that are not correctly processed and sorted are destroyed through the proteasome pathway
and removed from the cell (Halaban et al. 2001).

Thus, while the number of enzymatic melanosomal proteins is few, the number of genes
that must function correctly to process those enzymes, create a melanosome, and transport the
enzymes to the melanosome in safety is rather large. Mutations at these other loci also result
reduced pigmentation of the melanosome. Similarities and differences among the phenotypes of
mice mutant at various loci have helped to reveal the steps in this overall process (Halaban et al.
1988; Raposo & Marks 2007).

4.5.1 Protein processing

For their correct post-translational processing, melanosomal enzymes require glycosylation; to
fold up into their correct secondary and tertiary structures, they require specific environmental
conditions in the ER and Golgi, and the enzymes must be prevented from initiating melanogenesis
until they are incorporated into the stage II melanosome. While the conditions required for these
accomplishments are still under study, it is likely that both the pH and the redox potential (affecting
disulfide bridging) are important for correct folding of proteins, and for correct melanogenesis in
the eumelanosome. Several pigmentation mutations have helped to clarify these processes, while at
the same time illuminating additional functional causes of albinism.

Pink-eyed dilution (P, Oca2, Oculocutaneous albinism type II)

Malfunction of the pink-eyed dilution protein in humans results in oculocutaneous albinism
type II (OCA2).

MGI reports 63 phenotypic alleles, 18 of which are spontaneous. Six of the spontaneous
mutant stocks arose as germline-revertant events from Pink-eyed unstable (p*"*/ p*") mice.

Availability: JAX.

This locus has given us several important clues to biological processes in general and to the cell
biology of pigmentation specifically, but it may be difficult to find all the information because of
the nomenclature. One must search for Pink-eyed (not Pinkeye or Pink) or search under the new
name Oca2 (Oculocutaneous albinism type II). It is customary to rename mouse loci when the specific
affected protein or function has been identified, so we can look forward to another change when
this occurs.

The Pink-eyed dilution locus (Fig. 4.19) encodes an integral membrane protein with 12 trans-
membrane domains (Rinchik et al. 1993b; Rosemblat et al. 1994), and with a variety of alternative
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Figure 4.19 The mouse at the back is homozygous for Pink-eyed dilution, Oca2P/OcaZ2P”.
The mouse at the front is homozygous for the Pink-eyed unstable allele and would
therefore now be referred to as Oca2PU"/Oca2P¥". Somatic reversion events are evident in
the front mouse. The mouse behind illustrates the usual phenotype of mice mutant at Oca2.
Phenotypes range from completely pale to completely dark, but most mice are pale or have
small revertant stripes. Note: the older symbols are used in the text (p, p“”, etc.).

proposed functions. These include maintaining an acidic pH in the melanosome (Puri et al. 2000;
Ancans et al. 2001; Brilliant 2001), or transporting glutathione in the ER to facilitate protein folding
(Staleva et al. 2002). Rosemblat et al. (1994) suggested that P functions in tyrosine transport to the
melanosomal interior, but Potterf et al. (1998) found that the rate of tyrosine transport is normal in
P-mutant eumelanosomes. However, TYR is apparently misrouted to the plasma membrane of
P-null melanocytes, causing abundant extracellular melanin synthesis (black culture medium), and
indicating that the P protein plays a critical role both in the processing and sorting of TYR to the
melanosomes (Potterf et al. 1998; Manga et al. 2001; Chen et al. 2002; Toyofuku et al. 2002). In cul-
ture, the melanosomal enzymes are found in cytosolic vesicles in abnormally large amounts; they
are secreted from the cell into the culture medium (Hirobe et al. 2003; Costin et al. 2003) and, in the
p/p mouse, into the serum (Wakamatsu et al. 2007a). The pigmentation of the mutant melanocytes
in culture can be partially restored by providing high levels of tyrosine, the substrate for melano-
genesis (Silvers 1979; Sviderskaya et al. 1997; Chen et al. 2004). This perhaps compensates for the
low level of TYR delivered to melanosomes. Further insight into the function of P protein is provided
by recent evidence that the protein is definitely present in melanosomes, and that pigmentation is
deficient if mutations prevent P reaching the melanosome (Sitaram et al. 2009). This does not mean
that the protein has no function elsewhere (for example in the ER); still, more work is needed for a
full understanding of this intriguing protein.

Pheomelanic p-mutant mice are just as intense in their yellow pigmentation as yellow mice that
are not mutant at the p locus (Silvers 1979; Lamoreux et al. 1995; Kobayashi et al. 1995). Actually
they are more yellow-looking because the few little specks of eumelanin that are characteristic of
yellow mice have been reduced to pale gray. The eyes of mice are never pheomelanic because the
pigment-type switching mechanism (discussed in Chapter 5) does not function in the retinal
pigment epithelium of mouse eyes. Therefore the eyes of P/— mice (whether the mice are yellow
or not) are black, whereas the eyes of p/p mice lack pigment and appear pink.
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The lack of a p-mutant phenotype in yellow mice is not surprising, considering that the P gene
appears not to be expressed in yellow mouse skin (Chiu et al. 1993), including the ‘tan’ (pheomelanic)
part of the black-and-tan mouse (Rinchik et al. 1993b). This indicates that the P protein does
not take part in pheomelanogenesis, and it raises the question of how TYR is then correctly routed
to pheomelanosomes, if P protein is required for routing. It is possible, however, that routing
mechanisms are entirely different in pheomelanocytes.

The phenotype of Pink-eyed extra dark (p*/p*) mice is darker than the majority of pink-eyed
dilution phenotypes, which result, in eumelanic mice, in a soft grey pelage and pink eyes. Pink-eyed
unstable (p""/p*") mice exhibit somatic reversion events in which clones of wild-type melanocytes
develop alongside the mutant melanocytes. The p*" allele is the result of a duplication within
the wild-type P gene (Gondo et al. 1993), inactivating it. The duplication frequently reverts to
normal. Revertant events are accompanied by loss of the duplicated section. This can occur early or
late in development, and it can occur in the skin or in the eyes. The study of the various phenotypes
thus produced have been useful in evaluating hypotheses about the developmental history of
melanocytes, as is discussed in section 3.4.

A panel of radiation-induced deletions that were identified by inactivation of the Plocus has been
useful in evaluation of functions of adjacent genes (Russell et al. 1995).

Underwhite (Uw, Matp, Membrane-associated transporter protein, Slc45a2, Solute carrier
family 45, member 2)

Human OCA4 is caused by mutation at the SLC45A2 (MATP) locus.
MGl lists 11 phenotypic alleles: five are spontaneous and three of these differ in phenotype.
Availability: JAX.

In humans, oculocutaneous albinism type IV (OCA4) is caused by mutation at the Underwhite
locus, later termed the Matp (membrane-associated transporter protein) locus (Newton et al.
2001; Inagaki et al. 2004) in humans and in mice, because it encodes a membrane-associated pro-
tein with homology to solute transporters. And now it is termed Slc45a2, solute carrier family 45,
member 2. This locus is expressed early in development in the eyes and neural crest cells (Baxter &
Pavan 2002) of eumelanic mice (Fig. 4.20). The defect is autonomous to the pigment cell (Lehman
etal. 2000).

The Underwhite locus was originally described by Dickie (1964) co-isogenic with C57BL/6].
Sweet et al. (1998) reported the origins and phenotypes of three separate mutant alleles — uw, uw?,
and Uw?" — at The Jackson Laboratory. Guénet and Babinet (1982) reported a fourth allele. The
presence of both dominant and recessive mutations at a locus strongly implies that the protein func-
tions as a molecular complex with other proteins, possibly as a homo- or hetero-oligomer (Sweet et
al. 1998). Despite the proposed transporter role, the specific function of Underwhite is not described;
however, the protein is necessary for normal routing of melanogenic proteins to the melanosome
and shows structural and functional similarities with P (Pink-eyed dilution) protein (Costin et al.
2003) (Fig. 4.21).

SLC45A2 protein has 12 transmembrane regions. It functions, after apparently normal process-
ing of the melanosomal proteins in the Golgi, to direct them into stage II melanosomes. In the
absence of SLC45A2 protein, in cultured Sle45a2""/ Sle45a2™” primary melanocytes, the melanosomal
proteins are in large part secreted from the melanocytes into the culture medium (Costin et al.
2003). This is similar to the P protein; the function of the P protein involves carrying the TYR to the
melanosome, and in the absence of P protein, much of the TYR is secreted from the melanocyte.
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Figure 4.20 Homozygous Underwhite mouse with black control mouse.

Figure 4.21 Palomino horse and child. The horse is heterozygous for a mutation at
Underwhite locus, representing one of the early papers on horse genetics (Castle & King
1951), and one of the most recent loci identified (see also Castle & Singleton 1961;
Adalsteinsson 1974).
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As is true of several other genes involved in melanosome differentiation, Underwhite expression
appears to be under the direct or indirect control of MITF (Du & Fisher 2002). The Uw homolog in
medaka fish is the medaka Blocus (Du & Fisher 2002), which is thus not homologous to B (Tyrp1) in
the mouse.

Mutation at a different locus (Slc24A45) causes a pale phenotype in zebrafish and is responsible
for a good deal of color variation in the skin of humans (Lamason et al. 2005) but not in mice (Vogel
et al. 2008). Probably the difference in phenotype between the mice and the humans/zebrafish
relates to the fact that most of the pigmentation of the latter is in the skin, rather than in hairs.

4.5.2 Routing, or trafficking, proteins from their production site to the melanosome

In this chapter we have discussed the role of structural proteins in the formation of the melanosome
in the cytosol, and the enzymes that function within the melanosome to generate melanin pig-
ment. TYR is the rate-limiting enzyme of melanogenesis. Its competence is often reduced in
albinism by Tyr mutation or by mutant proteins that interact with TYR. As mentioned, these inter-
acting proteins include TYRP1, which appears to interact physically with TYR, and modify its
native functions, and in mice to catalyze a subsequent step in melanogenesis. DCT also catalyzes a
later step in melanogenesis. P protein and Underwhite protein are apparently required for normal
transfer of melanogenic enzymes to the melanosome and for its function upon arrival. We have
noted that TYR is recognized by AP-1 and AP-3, through the dileucine motifin its cytoplasmic tail,
and that AP-1 and AP-3 are required to route TYR to the melanosome.

We have explained why the enzymes must be carefully escorted to the melanosome in an inactive
state, to protect the cell from toxic intermediate products of melanogenesis. We have not explained
how the enzymes manage to make their way from the Golgi to the melanosome. In this next sec-
tion we will introduce the mouse mutations that have clarified the processes involved with routing,
or trafficking, of the enzymes to the melanosome.

The process of sorting and routing proteins within the cytoplasm, from their place of origin to
their various destinations, is referred to as routing, or trafficking. As transmembrane/organellar
proteins, the melanosomal proteins are synthesized and initially processed in the ER, then pass
through the Golgi. At the trans-Golgi network, the melanosomal proteins are sorted and packaged
into small, membrane-bound transport vesicles that carry them initially (in some cases) to
endosomes, and then to their final destinations, the maturing melanosomes (Fig. 4.22).

As shown in Figure 4.22, emerging data indicate that different melanosomal proteins are routed
in different ways. Silver protein makes a brief initial visit to the plasma membrane (Theos et al.
2006), while TYR and TYRP1 both appear to travel initially to a sorting endosome. From these
endosomes, Silver protein is routed to early melanosomes, where it enables matrix formation to
produce a stage Il melanosome. TYR moves directly to stage Il melanosomes with the help of either
AP-1 or AP-3 and the large routing complex BLOC1, which contains at least eight different compo-
nent proteins including the products of five mouse color genes (see section BLOC1, below) (Raposo
& Marks 2007). TYRP1, however, is routed by BLOC1 and AP-1 apparently only to an intermediate
type of endosome, a stage that also requires the chocolate gene product RAB38 (or its relative
RAB32). Thus homozygous Rab38™ (Chocolate; Loftus et al. 2002) mice have a deficiency of TYRP1
in melanosomes and a brown coat color resembling that of homozygous TYRP1-deficient Brown
mice. TYRP1 then requires the BLOC2 complex (of three color gene products, also detailed below)
to reach the melanosome (Raposo & Marks 2007). The function of the remaining BLOC - BLOC3 —
remains poorly understood, but one inferred function, shared with LYST, is to prevent aggregation
or fusion together of melanosomes and related organelles (Fig. 4.22).
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Figure 4.22 Model for routing of proteins to eumelanosomes. Current understanding of
routing is undoubtedly incomplete, but it seems that different melanosomal proteins travel
by various routes. The figure compiles data for the three most studied: Sl (shown as S;
Silver protein, PMEL, GP87), TYRP1 (shown as B; or ‘Brown’ protein), and tyrosinase
(shown as T). BLOC1 and BLOC2 are routing complexes found in endosomes as shown,
and are required for exit of the proteins being routed. Little is known about the molecular
action of BLOCS, but it does appear to prevent melanosomes (and other organelles) from
clumping together, as does lysosomal trafficking regulator (LYST), since defects in LYST or
BLOC3 components result in giant or aggregated organelles respectively (Suzuki et al.
2002). M1-M3: stage I-Ill melanosomes; Nu, nucleus; TGN, frans-Golgi network. Partly
based on figure 4 of Raposo and Marks (2007), with grateful acknowledgement. Other
information from Setty et al. (2007) and Suzuki et al. (2002).

For the most part, the routing proteins are not specific to melanosomes or melanocytes, but
function ubiquitously to organize and construct the lysosomal family of organelles. For this reason,
the symptoms are similar if one or another of the proteins is aberrant. The common pleiotropic
effects involve melanosomes, lysosomes, and platelet dense granules, and thus include prolonged
bleeding times, abnormal lysosomal enzyme levels (which may lead to lung or kidney disorders),
and reduction in intensity of pigmentation (Li et al. 2004; Raposo & Marks 2007). Mutant mice with
these symptoms have been collected over many years, and it was recognized that their symptoms
are similar to a group of human diseases known as Hermansky-Pudlak syndrome (sometimes
called HPS) (Swank et al. 1998; Li et al. 2004).

Hermansky-Pudlak syndrome is a set of rare autosomal recessive disorders in which oculocuta-
neous albinism, bleeding, and lysosomal ceroid storage result from defects of multiple cytoplasmic
organelles: melanosomes, platelet-dense granules, and lysosomes (Oh et al. 1998). The clinical
symptoms of the syndrome in mice and humans include those of oculocutaneous albinism: reduced
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pigmentation and accompanying loss of visual acuity. In addition, Hermansky—Pudlak syndrome
patients experience prolonged bleeding times, associated with defective platelet dense granules,
and early death caused by fibrotic lung disease that results from malfunction of lysosomes (Li et al.
2004). Typically, melanosomes in Hermansky-Pudlak syndrome are fewer in number and tend
toward a preponderance of early-stage forms (Nguyen et al. 2002).

These symptoms are the result of defects that impact not only the melanosome, but also
the other members of the secretory lysosomal family of organelles. They are caused by the cell’s
inability to route the proteins properly to the organelle. Given that there already existed a panel of
mutant mouse models for a similar panel of human diseases, as the tools became available to define
the molecular defects at the level of cell biology, our understanding of the routing systems of the
eukaryotic cell has quickly expanded. The details of their function at the cellular level have pro-
gressed beyond our ability to cover the entire story in this space and have continued at a dramatic
pace. This ongoing story is a particularly elegant example of the use of parallel mouse and human
abnormalities, evaluated at all the levels of organization — phenotypic, physiological, organismal,
cellular, biochemical, molecular — to rapidly elucidate a previously unknown but very significant
functional aspect of cellular development (Raposo & Marks 2007).

There follows a quick note about the unrelated recessive mutations Faded (fe) and London

gray (Lgr).
Faded (Fe) and London gray (Lgr)

Faded availability: MMRRC.
London gray availability: MMRRC, TAC, and TIGM.

These loci have not been defined. Based entirely on phenotype, it is possible that they fit into
the routing, or trafficking, category. The two phenotypes differ, however. London gray appears to
have a phenotype somewhat more akin to fading with age, but does not fade very much, if at all,
after first molt. Further, the London gray defect seems to be less uniform, consisting of very small
darker and lighter areas of pigmentation.

Faded ( fe/fe) mice tend to become slightly lighter at first molt. In the experience of one author
(M.L. Lamoreux) they do not have skin lesions, as previously reported, when they are maintained
in a controlled, parasite-free environment; perhaps they are predisposed to problems in different
situations (Figs 4.23 & 4.24).

4.5.3 Adaptor proteins

Some of the Hermansky-Pudlak syndrome-like mutations affect one of the so-called adaptor
proteins, specifically adaptor protein 3 (AP-3). These include the Mocha and Pearl mutations, respec-
tively in Ap3b1 and Ap3d, encoding the B1 (formerly 3A) and D1 (3) subunits respectively of the
tetrameric AP-3 complex, which regulates trafficking of membrane vesicle proteins to and from the
trans-Golgi and endosomal compartments (Robinson & Bonifacino 2001). Adaptor proteins (which
also include AP-1 and AP-2) appear to lack any intrinsic enzymatic activity, but instead mediate
specific protein—protein interactions that drive the formation of protein complexes that mediate
vesicle trafficking.

For example TYR is mis-sorted in melanocytes of Hermansky—Pudlak syndrome type 2 (HPS2)
patients, who have a dysfunctional AP-3 complex due to mutations in the Ap3b1 gene. This finding
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Figure 4.23 C57BL/6J-fe/fe, Faded mice, showing age-related differences in
pigmentation. These mice are available at MMRRC.

is consistent with the presence of a dileucine-containing sequence that is found in the C-terminal
tail of TYR and several other of the proteins involved in melanogenesis and which is recognized
by AP-3.

Mocha (Mh, Ap3d, Adaptor-related protein complex 3, delta subunit)

JAX lists four phenotypic alleles, two of which are spontaneous.
Availability: JAX.

AP3D is a subunit of AP-3. The AP3D subunit is implicated in intracellular biogenesis and
trafficking to melanosomes, and possibly platelet dense granules and neurotransmitter vesicles.
The Mocha (Ap3d™/Ap3d™") mouse mutant shows coat and eye color dilution, reduced levels of
renal lysosomal enzymes in urine, and prolonged bleeding due to storage-pool deficiency in
the dense granules of platelets. Mocha mice also have balance problems due to otolith defects and
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Figure 4.24 C57BL/6J-Igr/lgr, London gray mice, showing an age-related difference in
pigmentation. These mice are available at MMRRC.

eventually become deaf. They are also hyperactive, reflecting a function of AP3D in neurons,
among other cells. Using Southern-blot analysis of restriction digests of Mocha mouse DNA,
Kantheti et al. (1998) determined that Mocha is a null allele of the Ap3d gene.

Pearl (Pe, Ap3b1, Adaptor-related protein complex 3, B1 subunit)

The related human condition is Hermansky—Pudlak syndrome type 2.
MGI reports 17 phenotypic alleles, 14 of which were spontaneous.
Availability: JAX, MMRRC, and ORNL.

Homozygous mutant Pearl (Ap3b1P°/ Ap3b1¥®) mice exhibit all the symptoms of oculocutaneous
albinism, plus elevated kidney levels of lysosomal enzymes and a platelet dense-granule deficiency
that results in prolonged bleeding. Feng et al. (1999) reported positional/candidate cloning of the
autosomal recessive Pearl locus, and presented evidence from mutational analysis that the primary
Pearl gene defect is in the Ap3b1 gene. The Ap3bl gene encodes the large B1 subunit of AP-3
(Dell’Angelica et al. 1998). Unlike Mocha mice (above), Pearl mutants have no behavioral symptoms
because neuronal AP-3 contains an alternative  subunit.

Zhen et al. (1999) found that the B3A subunit was undetectable in all cells and tissues of the Pearl
mouse. In addition, expression of other subunit proteins of the AP-3 complex was decreased. The
subcellular distribution of the remaining AP-3 subunits in platelets, macrophages and a melanocyte
line from Pearl mice was changed from the normal punctate, probably endosomal, pattern to a
diffuse cytoplasmic pattern. Ultrastructural abnormalities in mutant lysosomes were likewise
apparent in mutant kidney and a cultured mutant cell line.
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Canine cyclic hematopoiesis is also known as gray collie syndrome because it arose in
this breed and affected dogs have reduced coat pigmentation. The disorder resembles human
Hermansky—Pudlak syndrome type 2. Benson et al. (2003) showed that homozygous mutation of
the AP3B1 gene causes canine cyclic hematopoiesis. C-terminal processing of neutrophil elastase
exposes an AP-3 interaction signal responsible for redirecting neutrophil elastase trafficking from
membranes to granules. Disruption of either neutrophil elastase or AP-3 apparently perturbs the
intracellular trafficking of neutrophil elastase.

4.5.4 RABs

A RAB is a small GTPase, a member of a family of about 70 proteins in mammals; some are
expressed ubiquitously whereas others are cell-type-specific. The RAB family of proteins is a
subclass of the RAS superfamily. RAB GTPases regulate many steps of membrane traffic, includ-
ing vesicle formation, vesicle movement along actin and tubulin networks, and membrane fusion.
RAB38 functions predominantly in melanocytes, and is localized to melanosomes. RAB27A
functions primarily in melanosome transport to the periphery of the cell, and will be discussed
in section 4.6.

Chocolate (Cht, Rab38, RAS oncogene #38)

MGI reports one spontaneous mutant allele, Rab38™".
Availability: JAX and CMMR.

RAB38 is unusually specific in its function, which is apparently to transport TYRP1 from the place
of production to the maturing melanosome. The absence of TYRP1 from the melanosome mimics
mutation at Tyrp1, so that mice mutant at the Rab38 (Chocolate) locus are phenotypically similar to
mice mutant at Tyrpl. Loftus et al. (2002) clarified and confirmed these relationships and proposed
that RAB38 plays a role in sorting TYRP1 to the melanosome. Wasmeier et al. (2006) confirmed this
role and demonstrated that RAB38 and the closely related RAB32 are important, functionally
redundant regulators of melanosomal protein trafficking and melanocyte pigmentation. In the
absence of RAB38 the mouse phenotype is moderated to a chocolate color and cells in culture are
somewhat reduced in pigmentation. In the absence of both RAB38 and RAB32 the loss of pigmenta-
tion in cultured cells is dramatic (Wasmeier et al. 2006), suggesting that more processes than TYRP1
transport may be affected. The impact of these defects on retinal pigment epithelium is greater than
in the skin melanocytes (Brooks et al. 2007; Lopes et al. 2007).

In the rat, Hermansky—Pudlak syndrome-like hypopigmentation and platelet storage-pool
deficiency result from a mutation within the Ruby (Red eyed dilution, R) locus, which is now known
as the Rab38 locus (Oiso et al. 2004).

Buff (Bf, Vps33a, Vacuolar protein sorting 33a)

One phenotypic allele.
Availability: JAX, MMRRC, and TIGM.

Suzuki et al. (2003b) demonstrated that the mouse Buff locus encodes VPS33A, a member of
the class C vacuolar protein sorting (VPS) complex of four proteins. The VPS proteins are involved
in Golgi-to-lysosome trafficking. Mutations in class C VPS proteins, which includes VPS33A,
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result in severe vacuolar protein sorting and morphology defects (Carim et al. 2000; Huizing
et al. 2001). The complex is involved in tethering functions, interacting with attachment protein
receptors, both early and late in the endocytic pathway, and may act at several steps along the
way. Absence of buff protein appears to interfere with the structure of melanosomes between
stages Il and IV.

4.5.5 The BLOC proteins

The BLOC:s (biogenesis of lysosome-related organelle complexes) are heteromeric protein com-
plexes, required for routing the proteins needed by melanosomes, lysosomes, and platelet dense
granules in eukaryotic organisms. The three BLOC proteins identified to date are obviously
involved in serving the same organelles, because all known mutations at the murine loci that
encode their component proteins produce symptoms that model human Hermansky—Pudlak
syndrome, and most of the known human Hermansky—Pudlak syndrome loci encode BLOC com-
ponents and are homologs of these mouse loci. As mentioned, Hermansky—Pudlak syndrome is
characterized by oculocutaneous albinism resulting from melanosomal abnormalities; excessive
bleeding due to defective platelet dense granules, and lysosomal abnormalities. However, there are
differences between the disorders associated with defects in the different BLOCs, which reflect the
different stages of protein transport for which they are required, as will be discussed.

The first clues to these differential functions were provided by phenotypes of the melanosomes
and of the mutant mice (Nguyen & Wei 2002; Li et al. 2004; Raposo & Marks 2007). The BLOC1
mutants Cappuccino and Pallid show only early multivesicular body/stage I melanosomes. As a
result, pallid and cappuccino mice are lightly pigmented (Fig. 4.25). The BLOC2 mutants Ruby eye
and Ruby eye-2 have intermediate levels of pigment (Fig. 4.25) and melanosomes mostly resembling
stages I and II. Mice with the BLOC3 mutations light ear and pale ear are nearly wild type in inten-
sity of hair pigmentation, but have pale skin. As mice have very little skin pigmentation, and most is
in the ears, these mutants were initially recognized by their pale ears. Their melanosomes are rela-
tively mature but tend to form clusters and fused giant melanosomes.

BLOCH1

The BLOC1 complex has eight subunits (Figs 4.3 and 4.25); there are known mouse mutants at five
of the encodingloci, as follows (Setty et al. 2007).

Cappuccino (Cno)

MGl lists one spontaneous phenotypic mutation.
Availability: JAX.

Homozygous mutant animals exhibit much reduced coat and eye color due to a reduced number of
melanosomes (Figs 4.3 and 4.25). Seventy-five per cent of homozygous mutant animals exhibit
some form of posture or balance abnormality, with variable severity. Platelet dense bodies are
markedly deficient leading to prolonged bleeding. Cappuccino is a mutation in a novel protein that is
part of the BLOC1 complex. This allele comprises an 11-base-pair deletion causing a frame shift that
alters the C-terminal third of the protein sequence. Expression and subcellular localization of the
protein are not affected. The mutation does affect the ability of the protein to form a complex with
other lysosome-related proteins (Ciciotte et al. 2003).
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Hps6™

Figure 4.25 Coat colors of HPS mutant and control C57BL/6J, C3H/Hed and DBA/2J
mice. The members of the BLOC1 complex are outlined in red; BLOC2 members are
outlined in yellow, and BLOC3 members are outlined in green. The closely related Beige
(Lyst®9) mutant, a model for Chediak—Higashi syndrome, is included for comparison. The
eleven mutants above, Cocoa through Beige, are maintained as congenic stocks on the
C57BL/6J background. The Subtle gray (Slc7a115“), Cappuccino (Cno°™), and Ashen
(Rab27a) mutants are maintained on the C3H/HeSnJ, C3H/HeJ, and C3H/HeSnJ inbred
strains respectively. The Mocha (Ap3d™") mutant (photograph courtesy of Dr Margit
Burmeister) is maintained on a heterozygous agouti stock comparable in coat color to the
C3H/HeJ control. The Sandy (Dtnbp 15%) mutant is maintained on the DBA/2J strain. Ruby
eye-2 (Hps5™?), Pale ear (Hps1¢P), Light ear (Hps4'¢), Pallid (PldnP2), Mocha (Ap3d™"),
and Sandy (Dtnbp15%) are null mutations. It is highly likely that Cocoa (Hps3°°2), Ruby eye
(Hps6™), Cappuccino (Cno®™), Muted (Txndc5™), and Ashen (Rab27a%") are null
mutations. Whether Buff (Vps33a®) is a null mutation is uncertain. The Gunmetal
(Rabggta®™) and Pearl (Ap3b1P¢) mutants are hypomorphs. However, Pearlis very nearly
a null mutant since it produces no detectable protein product on Western-blot analyses and
is only very slightly darker in color than the null allele. From Li et al. (2004), with the original
legend and updated gene names and symbols.
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Sandy (Sdy, Dtnbp1, Dystrobrevin-binding protein 1, Dysbindin, Hps7)

MGl lists 20 phenotypic alleles, one of which is spontaneous.
Availability: MMRRC and JAX.

Mutations at this locus result in pigmentary anomalies of the coat and eye as well as prolonged
bleeding times due to platelet abnormalities. The mutation in the sandy mouse has been attributed
to a deletion in the Dtnbp1 gene. The deletion results in the loss of 52 amino acids from position
119-172, which abolishes expression of the protein (Hattori et al. 2008).

Reduced pigmentation (Rp, Bloc1s3; Biogenesis of lysosome-related organelles complex-1, subunit 3; Blos3)

MGl lists one spontaneous allele.
Availability: JAX.

Homozygotes for Bloc1s3'F have a reduced intensity of coat color and show phenotypic similarity to
human Hermansky-Pudlak syndrome (Gwynn et al. 2004; Starcevic & Dell’Angelica 2004; Morgan
etal. 2006).

Muted (Mu, Txndc5, Thioredoxin domain containing 5)

MGl lists three phenotypic alleles, two of which were spontaneous.
Availability: JAX and TIGM.

Mutations at this locus cause pigment dilution, prolonged bleeding time, and inner-ear abnormal-
ities, modeling Hermansky—Pudlak syndrome (Setty et al. 2007).

Pallid (Pa, Pallidin, Pldn)

MGl lists one spontaneous phenotypic allele.
Availability: JAX and TIGM.

Homozygous mutation at this locus (Pldnf“) results in a coat-color abnormality, abnormal platelet
morphology, and impaired motor coordination, providing a model for Hermansky—Pudlak syn-
drome (McGarry et al. 2002; Salazar et al. 2006).

BLOC2

Three subunits are known for the BLOC2 complex (Figs 4.3 and 4.25), all of which have known
mutations in both mice and human Hermansky—Pudlak syndrome subsets (HPS3, 5, and 6).

Cocoa (Coa, Hps3, Hermansky—Pudlak syndrome 3 homolog)

MGl lists seven phenotypic alleles, six of which are spontaneous.
Availability: JAX.

Homozygotes for spontaneous null mutations exhibit hypopigmentation and prolonged bleeding
associated with a platelet defect (Suzuki et al. 2001; Kaput et al. 2004).
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Ruby-eye (Ru, Hps6, Hermansky—Pudlak syndrome 6 homolog)

MGl lists eight phenotypic alleles are reported, seven of which are spontaneous.
Availability: JAX.

Homozygous Hps6™ mice have reduced pigmentation of eyes and hair, impaired secretion of
lysosomal enzymes by renal proximal tubules and reduced clotting due to a defect in platelet dense
granules (Zhang et al. 2003).

Ruby-eye 2 (Ru-2, Hps5, Hermansky—Pudlak syndrome 5 homolog)

MG lists nine phenotypic alleles, six of which are spontaneous.
Availability: MMRRC, ORNL, TIGM, and JAX.

Homozygotes for Hpss™? (Fig. 4.3) have reduced pigmentation in the eyes and hair, impaired secre-
tion of lysosomal enzymes by renal proximal tubules, and reduced clotting due to a defect in platelet
dense granules. Homozygotes for one allele are less susceptible to diet-induced atherosclerosis
(Zhang et al. 2003).

BLOC3

Proteins encoded at the following loci are the two known components of BLOC3 (Fig. 4.25)
(Martina et al. 2003; Nazarian et al. 2003).

Pale ear (Ep, Hps1, Hermansky—Pudlak syndrome 1 homolog)

MGl lists two spontaneous alleles.
Availability: JAX, RBRC, and ORNL.

Mice that are homozygous for a spontaneous null mutation of Hps1, Pale ear (Hps1?), have slightly
reduced pigmentation, evident mostly in the skin, increased bleeding time, impaired natural killer
cell function, and reduced secretion of kidney lysosomal enzymes. Abnormal retinofugal neuronal
projections characterize some alleles (Nguyen & Wei 2007).

Light ear (Le, Hps4, Hermansky—Pudlak syndrome 4 homolog)

MGl lists one spontaneous phenotypic allele.
Availability: JAX.

Mice that are homozygous for the spontaneous null mutation of Hps4, Light ear (Hps4®), have
slightly reduced pigmentation, evident mostly in the skin, prolonged bleeding associated with a
platelet defect, reduced secretion of kidney lysosomal enzymes, and resistance to diet-induced
atherosclerosis.

Chediak—Higashi syndrome

Chediak—Higashi syndrome is a human syndrome similar, but not identical, to Hermansky—Pudlak
syndrome. Qualitative changes of leukocytes are found in Chediak—Higashi syndrome but not
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Hermansky-Pudlak syndrome, and pigmented macrophages are found in Hermansky—Pudlak
syndrome but not Chediak-Higashi syndrome (Perou et al. 1997; Introne et al. 1999). Beige is the
mouse model for Chediak—Higashi syndrome.

Beige (Bg, Lyst, Lysosomal trafficking regulator)

MGI lists 14 phenotypic alleles, eight of which were spontaneous.
Availability: CMMR, JAX, MMRRC, ORNL, RBRC, and TIGM.

Homozygous Beige (Lyst®; Fig. 4.26) mice have a phenotype similar to human Chediak-Higashi
syndrome patients, exhibiting lysosomal dysfunction with resultant protein storage, diluted coat
color, abnormal melanogenesis, immune-cell dysfunction resulting in increased susceptibility to
bacterial, viral, and parasitic infections, and decreased cytotoxic activity against tumor cells. The
encoded protein was named after its function in lysosomal protein trafficking, but is evidently also
needed for that of melanosomal proteins. As pointed out by Barbosa et al. (1997), many of the
diverse clinical features of Chediak—Higashi syndrome can be caused by a defect in trafficking of
proteins to secretory lysosomes. However, the exact function of the Chediak—Higashi syndrome
gene product is uncertain.

Characteristically, Beige melanosomes apparently aggregate during their maturation to form
larger clumps that are pigmenting asynchronously, apparently because the component melano-
somes are at different stages of their development (Silvers 1979). As described in detail by Silvers, the
beige phenotype (as it relates to hair pigmentation) is hypostatic to Pink-eyed dilution and epistatic
to Ruby-eye, reinforcing the suggestion that the function of Beige has to do with routing and suggest-
ing that its contribution to pigmentation is required after that of Pink-eyed dilution (Oca2) and before
that of BLOC2, of which Ruby-eye (Hps6) encodes a component protein. Note that the ‘clumping’ of
melanosomes in beige mice apparently occurs before the type of clumping that results from failure
of melanosome transport in dilute (Griscelli syndrome) phenotypes. It is also very different at the
ultrastructural level in that beige melanosomes appear as giant organelles anywhere in the cell

Figure 4.26 A Beige mouse is shown in the foreground, C57BL/6J-Lyst?9/Lyst®9.
The mouse at the back is wild type.
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whereas in the mutants that are defective in melanosomal transport (Gunmetal, Dilute, Leaden, and
Ashen) the organelles are normal but clustered around the nucleus.

4.6 Melanosome transport
Gunmetal (Gm, Rabggta, Rab geranylgeranyl transferase, a subunit)

MGl lists one spontaneous recessive allele.
Availability: C57BL/6J-Rabggtas™ /] is available at JAX.

This geranylgeranyl transferase adds hydrophobic phenyl groups to the C-terminus of all RABs.
It therefore contributes to the normal function of the RABs in routing proteins from the ER/Golgi
to their respective lysosome-related organelle and in transporting the mature melanosome to the
periphery of the cell. In the case of the gunmetal (Rabggta®™) phenotype, the platelet defect has been
most extensively studied.

Homozygotes exhibit diluted pigmentation, a platelet and megakaryocyte defect resulting in
prolonged bleeding (Swank et al. 1993; Novak et al. 1995), macrothrombocytopenia and reduced
platelet a- and §-granule contents (storage-pool deficiency), impaired killing by cytotoxic T lym-
phocytes, high mortality, and poor breeding. Detter et al. (2000) noted that the phenotype resem-
bles human gray platelet syndrome and platelet o- and 3-storage-pool deficiency.

By positional cloning, Detter et al. (2000) showed that Gunmetal results from a G-to-A sub-
stitution in a splice acceptor site within the o-subunit of RAB geranylgeranyl transferase (RABG-
GTA). Most RABGGTA mRNAs from Gunmetal tissues skipped exon 1 and lacked a start codon.
Levels of the protein and of enzyme activity were reduced four-fold in Gunmetal platelets.
Geranylgeranylation and membrane association of RAB27, a RAB GGTase substrate, were
significantly decreased in Gunmetal mouse platelets. These findings indicated that geranylgeranyla-
tion of RAB GTPases is critical for hemostasis and for melanosome transport. The latter defect
predominates in the pigmentary phenotype of the Gunmetal mutant mouse, which is essentially
the same ‘dilute’ type phenotype that characterizes the three other primary mutants of the
melanosome transport system. The “dilute’ phenotype is illustrated in Figs 1.11, 4.27, and 4.29
(see end of chapter), and in mice in Figs 2.4 and 4.4.

Dilute-type phenotypes in mice and other mammals (Figs 4.4, 4.27, and 4.29) involve the Dilute
(Myosin Va), Leaden (Melanophilin) or Ashen (Rab27a) loci. Dilute suppressor (Dsu, which has been
renamed Melanoregulin) affects the same protein complex, but its mode of action is not known. It
functions to reverse the dilute phenotype in mice mutant at the dilute-type loci.

Homologous syndromes in humans are classified as Elejalde syndrome or Griscelli syndrome.
Griscelli syndrome is a rare autosomal recessive disorder that results in ‘silvery” pigmentary dilution
phenotype of the skin and hair, the presence of large clumps of pigment in hair shafts, and an
accumulation of melanosomes in melanocytes. Griscelli syndromes include: Griscelli syndrome
type 1, which represents hypomelanosis with a primary neurologic deficit and without immuno-
logic impairment or manifestations of hemophagocytic syndrome (Ménasché et al. 2002); Griscelli
syndrome type 2, which is Griscelli syndrome with immune impairment, caused by mutation in the
Rab27a gene; and Griscelli syndrome type 3, characterized by hypomelanosis with no immunologic
or neurologic manifestations. It can be caused by mutation in the Miph or Myosa genes.

A “dilute’ phenotype in a mammal is striking, characteristic, and usually is easily recognizable in
the animal (Figs 4.4, 4.27, and 4.29), which can be of any color, but of a paler and more silvery
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Figure 4.27 A blue-cream calico cat. This cat is homozygous for the cat version of the
‘dilute’ phenotype. The white spotting is unrelated to the pigment colors, but does generate
a modest ‘calico’ patterning (see Chapter 3). Because the cat is also a chimeric, it is
possible to see the effect of ‘dilute’ on both pheomelanic and eumelanic pigmentation.

In the mouse, the dilute phenotype may be caused by homozygosity at any of three loci,
Dilute (Myo5a®), Ashen (Rab27a2"), and Leaden (Mlph'). Unfortunately the name ‘dilute’
in the cat was given to a mutation that corresponds with Leaden in the mouse. However,
the phenotypes generated by mutation at any of these loci are similar, because they all
interfere with the same process of transporting the melanosomes to the periphery of the
melanocyte, where they are deposited into the growing hair. When the process breaks
down for any reason, the melanosomes are clumped in the hair and scatter the rays of light
that fall upon it, so that the color appears to our eyes to be diluted. See Fig. 4.4 for a dilute
mouse. The effect is very similar in pheomelanic mice.

appearance than that of its non-dilute counterpart (note that this is not related to the ‘silver’ pheno-
type or genotype). On this basis, early in the past century, the phenotype name, ‘dilute,” originated.

Somewhat later, it became evident, from examination of the hairs and evaluation of melanin
content (Wolfe & Coleman 1966), that the dilute phenotype does not result from “dilution’ or deple-
tion of the amount of pigmentation in the skin and hairs. Instead, the aberrant distribution of
melanosomes in the melanocyte and in the hair shaft is thought to alter the optical qualities of
the hairs. The pigment granules in the hairs are distributed in clumps, lumps, fine scattering, and
abnormal empty spaces, very different from the normal orderly array. This disarray is thought to
scatter light, and/or absorb it abnormally, resulting in the dilute appearance.

The abnormal hairs are easily identified by treating them in xylene for a couple of days, to remove
air from the shaft, then transferring to absolute alcohol, then mounting and observing under a low
power microscope. Also using a microscope it is easy to observe, in the melanocytes of animals that
are homozygous for any of these mutant genes, that the melanosomes are clustered around the
nucleus rather than distributed normally throughout the melanocyte. This was referred to as a
nucleopetal distribution.
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The term ‘“dilute’ of course is often incorrectly used to describe other phenomena, but the
distinctive phenotype characteristic of this syndrome is commonly recognized by pigmentary
scientists and by people who raise livestock or pets. Fanciers of cats, dogs, mice, rats, guinea pigs,
rabbits, and other species commonly give exotic names to such animals, depending on the base
colors. The most common of these are ‘blue’ to describe dilute black, ‘lavender’ to describe dilute
brown, and ‘cream’ to describe dilute yellow/red. A blue-cream tortoiseshell cat is chimeric for
black and yellow color of pigment, as shown in Fig. 4.27, and as described in Chapter 3, and is also of
the dilute phenotype, homozygous in this case for a mutation in Melanophilin.

To further add to the verbal confusion, the term ‘dilute” has two distinct cross-species mean-
ings. In the mouse, it is the name of the phenotype and the gene locus that encodes MYO5A.
In the cat and dog it happens that the dilute phenotype is caused by mutation at the Melanophilin
locus.

The “dilute’ phenotype is essentially the same relative to each of the three murine loci that cause
it. These are the murine Dilute locus, Myosin Va/Mpyosa, the murine Leaden locus, Melanophilin/
Mlph, and the murine Ashen locus, Rab27a. A fourth locus, Dilute suppressor (Dsu or Melanoregulin/
Mreg), when it is mutant, counteracts the effects of any of the dilute-type loci — Dilute, Leaden, or
Ashen — returning to normal the phenotypes of the doubly mutant mice.

Differences in pleiotropic effects, particularly neurological effects, have been documented in
mice and human mutants. These may result from the fact that the proteins are complex, especially
myosin Va, with multiple domains, and have somewhat different functions in different cell types.
Or there may be an involvement of linked loci.

Not surprisingly, the three dilute-type loci encode proteins that participate in the same multi-
protein complex that is part of the melanosomal transport system. In the skin and hair follicles of
normal mice, as the melanosomes mature, they are carried by the transport system of the cell from
the area around the nucleus to the tips of the dendrites (see Fig. 4.28), where they are transferred
into a neighboring keratinocytes of the skin or growing hair.

A lively debate in the early literature attempted to elucidate the relationship between the
two characteristic anomalies of dilute animals: hair abnormalities and abnormal structure of
the pigment cells (for more detail on this see Silvers 1979). Some favored the hypothesis that the
melanocyte was mis-shapen, lacking the normal dendritic structure, and was thus prone to become
dislodged from its moorings and incorporated into the growing hair. Others believed the defect lay
in the distribution of the melanosomes within the normally formed melanocyte. These phenotypes
are well described in Silvers (1979). Most of the early questions have been answered.

In the pigment cell, the dilute family of proteins functions particularly at the periphery of the cell
where the melanosomes are transferred from the microtubule portion of the transport system to
the actin network, which presumably chauffeurs them toward the unknown mechanism that will
move them across the cell membrane into the adjacent keratinocyte. The transport system consists
of a bi-directional microtubule-based process that initially carries the melanosomes to the periph-
ery of the cell. It also carries them back to the nucleus if they are not removed from the microtubule
and transferred to the actin portion of the cytoskeleton at the periphery of the cell. The micro-
tubule portion of this operation is not defective in dilute-syndrome mice. It is the transfer to the
actin portion that fails, with the result that melanosomes accumulate at the center of the cell
(Wu et al. 1998) where microtubules predominate. The result, in mutant mice where the melano-
somes are not properly removed to the actin system so they can be transferred out of the cell, is the
nucleopetal cell (Fig. 4.28).

The protein complex that accomplishes this transfer is relatively well understand and thus serves
as an excellent model of organelle transport (Nascimento et al. 2003). The murine melanosome
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Figure 4.28 Molecular machinery involved in melanosome movement in melanocytes.
The diagram shows that movement toward the plus end of microtubules at the cell
periphery is achieved by kinesin. According to the cooperative delivery/capture model, the
complex formed by RAB27A, melanophilin, and myosin Va allows the peripheral capture of
melanosomes. In this region of the cell, melanosomes display short-range movements on
actin filaments, indicated by the black double arrows. The tug-of-war model predicts that
the microtubule- and actin-dependent motors are coordinated in achieving the intracellular
dispersion of melanosomes. Green arrows denote interactions that are predicted to be
necessary for the coordination of the different molecular motor activities. Movement toward
the minus end of microtubules in the center of the cell is dependent on dynein. Single black
arrows indicate direction of melanosome movement. Figure and description taken from
Barral and Seabra (2004); reproduced with permission of Wiley-Blackwell. See that paper
for a more detailed description of the melanosomal transport model.

transfer requires all three of the dilute-complex proteins. Melanophilin binds both myosin Va
and RAB27A. RAB27A and melanophilin interaction is the primary targeting and stabilizing
factor for melanophilin. The interaction of melanophilin with myosin Va allows the complex,
with attached melanosome, to be captured into the peripheral dendrites (Wu et al. 2002; Hume
et al. 2007; Li et al. 2007). The N-terminal region of melanophilin specifically binds RAB27A,
while the C-terminal half directly binds the globular tail of myosin Va (Fukuda & Kuroda 2002).
The binding of melanophilin to exon F of myosin Va activates its ATPase activity, energizing the
movement of the protein complex with its melanosomal cargo (Li et al. 2005). The function of dilute
suppressor is not known, and neither is the mode of transfer to keratinocytes (Berens et al. 2005;
Hearing 2007).
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Dilute (D, Myo5a, Myosin Va)

MGl lists 69 phenotypic alleles of which 52 are spontaneous.
Availability: JAX, KOMP, MMRRC, NMICE, ORNL, RBRC, and TIGM.

The Dilute locus encodes myosin Va (MYO5A) (Mercer et al. 1991; Pastural et al. 1997). Myosin Va is
an actin-binding protein that belongs to the large myosin superfamily. The members of this super-
family share a common N-terminal motor domain (or ‘head’), which binds actin and generates
force through the hydrolysis of ATP. Expression of Myosa is tissue-specific (Seperack et al. 1995) asa
result of alternative-exon usage. The region of the gene encoding the tail contains three alterna-
tively spliced exons designated B, D, and F that function differentially depending upon tissue type.
Expressing tissues include neuromuscular junction (Roder et al. 2008), pigment cells, brain, and
other tissues. Exon F is essential for the interaction of myosin Va with melanophilin, and conse-
quently for its association with melanosomes. Myosin Va is involved in the process of melanosome
transport as described above.

Ashen (Ash, Rab27a, RAS oncogene family member RAB27A)

MGl lists three phenotypic alleles, two of which are spontaneous.
Availability: CARD, CMMR, JAX, MMRRC, ORNL, and TIGM.

The Ashenlocus encodes RAB27A (Wilson et al. 2000). RAB27A is a tissue-specific RAB that associates
with lysosome-related organelles and secretory granules ( Tolmachova et al. 2004). In melanocytes,
RAB27A associates with the cytosolic leaflet of the melanosome membrane (Hume et al. 2001,
2007; Jancic et al. 2007) and appears to be the key melanosome-associated protein of the tethering
complex that attaches the melanosome to the transport system (Wu et al. 2001; Hume et al. 2002).

Leaden (Ln, Miph, Melanophilin)

Three phenotypic alleles, one of which is spontaneous.
Availability: JAX, RBRC, and TIGM.

The Leaden locus encodes melanophilin (Matesic et al. 2001; Provance et al. 2002) Melanophilin
specifically interacts with the globular tail of myosin Va through its distinct coiled-coil regions (Wu
et al. 2002; Fukuda et al. 2002; Strom et al. 2002; Nagashima et al. 2002). The C-terminal domain
immunoprecipitates with actin and myosin Va (Hume et al. 2007). One can envision myosin Va as
the engine that drives the complex along the actin transport system, while RAB27A grabs the
melanosome and melanophilin connects the two.

Dilute suppressor (Dsu, Melanoregulin, Mreg)

One spontaneous phenotypic allele.
Availability: CARD, MMRRC, and TIGM.

The murine Dilute suppressor gene (Sweet 1983) functions in a myosin Va-independent fashion
to suppress the dilute-type phenotype associated with mutation at Ashen, Dilute, or Leaden (Moore
etal. 1994, 1988; Jenkins 1998; O’Sullivan et al. 2004).
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Figure 4.29 Dilute yellow (cream) tabby cat; the dilute yellow phenotype is known as
cream in the cat. Yellow in the cat is known as red to cat fanciers or orange in the genetics
literature. The genotype of this cat might be written d/dby cat fanciers and in the older
literature, but we can’t do that here as it would suggest homology with the murine Dilute
locus. Therefore, let us say miph/miph r/Y, or we could write it as miph/miph O7/Y. The Y
reflects the fact that this is a male cat and the yellow/red/orange gene is on the X
chromosome. Therefore he has only one yellow gene locus. This cat is also a striped or
‘lined’ tabby, a phenotype that is not linked to either dilute or yellow. Striped tabby is
dominant to other kinds of tabby, so can be designated as T'/—. Probably this cat also
carries the dominant Agouti allele (A/-) that is not able to fully express itself because
pheomelanic pigmentation is epistatic to eumelanic pigmentation; that is, in the presence of
a yellow genotype, the melanocytes do not make eumelanosomes. (There may be a few
eumelanosomes in such an animal; yellow mice may have a few at the tips of the hairs, but
as a generalization yellow animals do not appear eumelanic.) Therefore, and because the
agouti pigmentation pattern consists of both eumelanin and pheomelanin, full expression of
agouti is not possible in a pheomelanic mammal. Full expression of tabby is also not
possible in the absence of eumelanin, for the same reason. The Tabby locus, with at least
three alleles, appears to be unique to cats (Robinson 1971; Vella & Robinson 2003),
although similar pattern loci that direct the location of the eumelanin and pheomelanin in
agouti animals are also seen in other species (zebra, giraffe).



Pigment-Type Switching

Figure 5.1 A eumelanic black mouse, behind, and two pheomelanic mice. All of these mice
are of the same inbred strain, C57BL/6J. The complexity of terms used for pigmentation
requires that we define our terms precisely, and ‘black’ is a term often misused. Black mice are
nonagouti, but not all nonagouti mice are black. The black phenotype is defined by the genotype
at two loci: Nonagouti (a/a) and Black (Tyrp18/-). The Black genotype is determined by the black
versus brown (Tyrp1) locus, with Black (Tyrp18) dominant to Brown (Tyrp1°). Any eumelanin
that is found on a mouse of the genotype Tyrp15/— will be black, rather than brown, as discussed
in Chapter 4. Accurately stated, black mice are nonagouti black and brown mice are nonagouti
brown. The Agoutilocus determines whether or not pheomelanin will be produced. Pheomelanic
phenotypes are epistatic to eumelanic ones. The agouti phenotype describes an animal that is
patterned in eumelanin and pheomelanin, and in the mouse describes animals in which most of
the hairs are individually banded in eumelanin and pheomelanin (see Figs 5.8 and 5.9). All of
these mice in the photograph are Nonagouti(a/a). Lethal yellow (AY/-) (the genotype of the
mouse at the front) is dominant to Agouti (A/-) and epistatic to Black or Brown. The mouse to the
rightis Recessive yellow (e/e or Mc1ré/Mc1r€). Again, the yellowness caused by this mutation is
epistatic to black or brown. Recessive yellow mice tend to have a bit of eumelanic pigmentation
at the hair tips, especially dorsally; agouti-yellow phenotypes tend to be very sensitive to
background genome and may have more or less eumelanic pigmentation at the hair tips and a
considerable variability of phenotype depending upon the strain, as shown in Figs 5.6 and 5.7.
Recessive yellow mice are not phenotypically highly variable. All these patterns of expression in
inbred mice are consistent and predictable.

The Colors of Mice: A Model Genetic Network, 1st edition. By M. Lynn Lamoreux, Véronique Delmas, Lionel Larue, and
Dorothy C. Bennett. Published 2010 by Blackwell Publishing Ltd.
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5.1 Introduction

We have been approaching the description of pigmentation based in the perspective of a develop-
mental timeline, with Chapter 3 describing the embryological development of the melanocyte
(and defects that result in white spotting or fading with age) and Chapter 4 covering the differentia-
tion and distribution of the melanosome. In this chapter we will describe the controls that regulate
the two major chemically distinct types of melanin pigment that are produced by mammals.
These are yellow pheomelanin and nonyellow eumelanin (Figs 5.1-5.7). The complex eumelanin/
pheomelanin switching mechanism determines which type of pigment will be produced in differen-
tiating melanosomes.

The eumelanin/pheomelanin switch is a beautiful model of genetic control over the biology
of the organelle, cell, and tissue. Again we find that this elegant pigmentary model has led to dis-
coveries well beyond the significance of pigmentation, in such widespread areas as basic mechanisms
of cell biology, brain chemistry, obesity, trans-generational epigenetic inheritance, and mechanisms
of information transduction from the environment into the cell (Voisey & Van Daal 2002). In this
chapter we focus on the major gene loci that regulate the eumelanin/pheomelanin switch mechan-
ism of melanocytes.

The normal controls over melanogenesis differ somewhat in humans compared with mice
(Boissy et al. 1998). Therefore, human melanocytes should not be used as controls for mutant

Figure 5.2 Summer is a chestnut (sorrel) Oldenburg breed of horse. Chestnut and sorrel
are two of the terms breeders use for yellow (red) horses. Her genotype is probably
Mc1ré/Mc1reé. Photograph courtesy of Tripled Sporthorses.
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Figure 5.3 (a) The melanogenic pathway (simplified from Ito & Wakamatsu 2008;
reproduced with permission of Wiley-Blackwell). Enzymes are boxed. The rate-limiting
enzyme is tyrosinase; mutation at the Tyr (Albino) locus reduces the amount of melanin
that the pigment cell can make. (b) In nonagouti mice that are otherwise wild type at
pigment loci, mutation of the gene that encodes dopachrome tautomerase (DCT) result in
slaty mice (b, lower right). Mutation of the gene encoding 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) oxidase activity ( Tyrp1) results in brown mice (b, rear; see Chapter 4).

(c) Pheomelanogenesis is primarily regulated by a cell-surface receptor (MC1R) and its
ligands, melanocyte-stimulating hormone (MSH) and agouti signal protein (ASP), which
control whether or not the cell will make yellow pigment. Pheomelanogenesis is epistatic
to eumelanogenesis. These two pheomelanic mice are Recessive yellow (front) in which
the MC1R is mutant, and Lethal yellow (back) in which the Agoutilocus that encodes ASP
is mutant.

murine melanocytes, or the reverse, when evaluating cells in culture. Below we discuss the murine
condition, using in vitro results only rarely, when they are useful to interpret phenotypes. The
phenotypes are described in section 5.2. The melanogenic pathway and phenotypic results in
mice are shown (simplified) in Figure 5.3, and the physical nature of the pigment is discussed in
section 5.3. At the level of the genes and their products, multiple proteins are switched on or off
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Figure 5.4 The hairs of mice can be observed microscopically after removing the
internal air pockets by treatment successively, for several days each, in xylene, then

a mix of absolute alcohol and xylene, and then absolute alcohol. The hairs are then
quickly covered in an alcohol-soluble mounting medium and a coverslip applied. Notice,

at this level of resolution, that the melanosomes appear for the most part to be either
pheomelanic or eumelanic, rather than an in-between shade. The hairs are taken from

a mouse congenic with the one shown below. This mouse is DK/Lm-AY/a Tyrp 1%/ Tyrp1°.
The mouse is in the middle of its first molt, showing the highly pheomelanic first coat and
the extent to which the background genome influences the amount of eumelanin in the
coat after the first molt. When the mouse completes its molt it will be uniformly of the darker
color (compared with the adult C57BL6J-AY/a Tyrp1*/ Tyrp1* mouse shown at the front in
Fig. 5.1). The JU/CtLm inbred strain is similar in this respect and is closely related. DK /Lm
is extinct, but JU/CtLm is available at MMRRC.

differentially to create the organelle and regulate pigment deposition. These are discussed in section
5.4, although we are just in the early stages of understanding this parameter of the pigment switch.
Atthe cellular level, the switch is regulated by a signaling pathway shown in a basic way in Figure 5.15
and discussed in section 5.5. Finally, the gene loci are reviewed in section 5.6.

The perceived colors of eumelanic (nonyellow) and especially of pheomelanic (yellow) animals
vary widely in mice (Figs 5.6 and 5.7), and even more across species lines, which is one reason why
we provide pictures of other species, to present a broad perspective of the phenomenon. Even
within species; imagine an Irish Setter breed of dog that appears red, and a Golden Retriever that



CHAPTER 5 PIGMENT-TYPE SWITCHING 181

Figure 5.5 Sitatunga, an African antelope ( Tragelaphus spekei). In this species, the
males develop eumelanic pigmentation at maturity. A similar but somewhat less dramatic
change occurs in cattle that have a wild-type phenotype.

appears yellow. Both are pheomelanic because of mutation at the same Recessive yellow (E, Extension,
Mcir)locus (Newton et al. 2000). Clearly, unknown modifying genes must be invoked to explain the
dramatic difference in shade of yellowness among these dogs. Although the structure of the hair (or
feathers if we were to extend the comparison to the Rhode Island Red breed of chicken) is also
important to our perception of the colors.

The relationship between hair or feather structure and perceived colors of melanin pigmentation
have been little studied; many genes, known and unknown, influence the structure of hairs and
feathers and contribute to the color of the light that is reflected from them (Doucet et al. 2004), but
we do not treat these as pigmentary genes, a distinction we reserve for factors that regulate pigment
and pigment cells.

Because of the broad and varied appearances of eumelanin and pheomelanin, the inbred mouse
has been invaluable in identifying major phenotypic classes of pigment colors that we describe, and
assigning their biological causes. With inbred mice, we can assume that segregation of modifying
genes has been eliminated in the process of inbreeding. On the contrary, of course, inbred mice are
not so useful for determining the numbers and characteristics of modifying genes. For that purpose
we can make comparisons with mice of different strain composition and with other mammals,
which often have a higher range of variability associated with the classical pigmentation genes.
With the newer techniques in genetics (Chapter 6) and in genomics, information gained from other
species can be combined with information from the inbred mice to clarify further the processes
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of pigmentation. We have done this to some extent throughout, and in Chapter 7 will provide a
summary of resources that relate to some other species, mostly domestic mammals that have been
selected by breeders for interesting color variation.

5.1.1 Terminology again

Unfortunately, the comparison of different species, especially domestic ones, brings with it a tangle
of terminology. Livestock and pet breeders, and even scientists, often use different words for the
same phenotype, and sometimes apply the same word to different genotypes. Yellow, for example,
is the common term for pheomelanic pigmentation in the laboratory mouse, but yellow cats have
been termed orange in the technical literature and red (and cream) by fanciers. “Yellow’ cattle, dogs,
horses, rabbits, and guinea pigs are referred to as red or yellow or sorrel or chestnut, or by other
terms, depending upon breed and species.

Our purpose is not to bring logical order to the nomenclature of animal breeders, although we
would prefer that scientific notation be precise. Our purpose primarily is to define and elucidate
the series of steps that lead from the action of a gene (which is usually to make a protein) through
the cellular results of this action, to the phenotype; and conversely to use phenotypic observations
to clarify the functions of genes. For this we require a phenotypic terminology that is tightly
correlated with what we know about the relevant gene function. For example, the term brown
is sometimes applied to agouti animals that contain no brown pigment, while red is sometimes
applied to animals that do make brown pigment (and no red/yellow pigment). Similarly, mislabel-
ing the function of a gene can create confusion. For example, see the legend to Figure 5.1.

We will use the term yellow to refer to pheomelanic phenotypes; black for phenotypes that
involve black eumelanin; and brown for phenotypes that are based in brown eumelanin pigment.
These form the foundation for all the color phenotypes except white. White results from absence
of pigment in the hairs or skin, either because the pigment cells are absent (Chapter 3) or because
the pigment itself is absent (Chapter 4). The pinkish or bluish colors that result from blood in the
tissues (see Quevedo & Holstein 2006) are not related to melanin pigments.

5.1.2 The background genome

Background genome strongly influences the phenotype of mice that have a normal wild-type
melanocortin 1 receptor (MC1R) complex. Wild-type Mc1r*/—mice are responsive to agouti signal-
ing protein (ASP). They are also responsive to differences at the Mahogany and Mahoganoid loci
(Fig. 5.6), and to differences in the background genome (Fig. 5.7). Each of the two yellow mice in
Figure 5.7 and the yellow mouse at the lower right in Figure 5.6 carry the A” allele from the same
source on differing genetic backgrounds. Thus the A” allele is not variable among these mice of
different phenotypes. All of them are wild type at the Mc1r, Mahogany, and Mahoganoid loci. Thus
the phenotypic differences among these three yellow mice are imposed by their differing genetic
backgrounds. C3H/HeJ-A*/a mice (at the rear of Fig. 5.7) are considerably darker than C57BL/
6J-A”/a mice. JU/CtLm-A?/a become very dark at the first molt, but are yellow until that time.

When JU mice and C57BL/6] mice were crossed, the color of the yellow offspring, after first
molt, was highly variable in the F, generation. Observations seemed to show that darkening of the
fur (and obesity) is modulated by gender and by social relationships, in addition to, or rather as a
component of, the impact of background genome, judging by the differences between mice that are
caged individually and those that are caged in various social combinations, and their interactions
such as aggression (M.L. Lamoreux, unpublished observations; Lamoreux & Galbraith 1986).
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Figure 5.6 Variability in the yellow phenotype that is caused by modifying genes. The
mouse on the lower left is a C57BL/6J Nonagouti Black eumelanic control. All the other
mice are genetically yellow because of mutation at the Agoutilocus (A¥/a). On the lower
right are two mice, one young and the darker one mature, of the genotype JU/CtLm-AY/a
(see also Fig. 5.4). The mouse in the upper right is C57BL/6J-AY/a, the most common
‘yellow’ laboratory mouse, and in the upper left corner a similar mouse that is also mutant at
the Mahogany (Attractin, Atrn) locus, genotype C57BL/6J-AY/a, Atrn™9/Atrn™9. The
pigment phenotype of Mahoganoid (Mahogunin ring finger 1, Mgrn1™%Mgrn1™d) mice that
are yellow because of mutation at the Agoutilocus (AY/a) is similar to that of Mahogany
mice. Specific mutant alleles are discussed in section 5.6.

Supporting these observations, similar results were noted by Suto et al. (2000) in published work.
F, mice generated by an original cross between KK-A*/a males and C57BL/6J-a/a females were
used to identify several influences of background genome over obesity (Suto et al. 2000) and over
the degree of yellowness of A”/a mice. KK-A"/a mice are nearly as dark as JU-A”/a mice. In the F,
crosses Suto et al. (1998) found a continual range of shades that was reportedly caused solely by
an allele carried on chromosome 15 of the KK mice. The allele was described as responsible for
pheomelanic content of the hairs (measured as aminohydroxyphenylalanine (or AHP) and vis-
ually). A modulator of eumelanin content (measured as pyrrole-2,3,5-tricarboxylic acid, or PTCA)
was not found. Clearly, yellow mice have much yet to tell us about genetic regulation of complex
systems; identifying these unknown modifying genes, using the available inbred strains, should be
well worth the effort.

In addition to the pigmentation differences we will discuss here, it is useful to know that
C57BL/6 mice are among the most tumor- (and carcinogen-) resistant strains of mice available,
while C3H mice are much more tumor-susceptible (Strickland et al. 2003). This is particularly true
for skin cancer, including melanoma, where under identical conditions C3H mice were much more
sensitive than C57BL/6 to ultraviolet radiation and chemical-induced melanoma carcinogenesis
(Romerdahl et al. 1989; Kripke 1977).
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Figure 5.7 Alleles have been backcrossed from C57BL/6J on to a C3H background,
where yellow phenotypes are differently expressed. From the left, counterclockwise,

the genotypes are Agouti (A/-), Lethal yellow (AY/-), Albino (Tyr¢/Tyr¢), Nonagouti

(a/a), and at the rear is another Lethal yellow (AY/-) mouse. All mice are Tyrp15/—.

The difference between the two Lethal yellow mice is caused by strain background:

the one at the front is C57BL/6J and the one at the rear is C3HFf. Photograph courtesy of
Dr. Faith Strickland.

5.2 Yellow phenotypes

In Chapters 3 and 4 we discussed loci that modify the perceived colors of mice and other mammals.
In this chapter we discuss the three basic colors of melanin pigment, primarily as they exist in the
hairs of mammals. The varied and lovely phenotypes generated by the many interacting functions
of the eumelanin/pheomelanin switch mechanism have provided clues to their genetic regulation
and are the result of different combinations and patterns of yellow pheomelanin and black or brown
eumelanin. The switch mechanism determines whether or not the pigment will be yellow. The
unrelated black/brown (Tyrp1) locus determines which of the two basic colors of eumelanin will be
produced (Lamoreux 1973). Pheomelanic pigmentation is epistatic to eumelanic. The MCIR com-
plex determines the type of pigment that is produced inside the pigment cell, in normal mice, under
instructions from outside the cell (see below).

ASP, encoded at the Agouti (A) locus, regulates patterns of pigment deposition in individual
hairs (Figs 5.8 and 5.9) and the ‘black-and-tan’ (or brown-and-tan) patterns of mice and dogs
(Fig. 5.10).

In laboratory agouti mice, in general, most of the dorsal hairs are eumelanic at their base, with
(usually) one subterminal band of pheomelanin, and then eumelanin at the tips. The thicker over-
hairs are eumelanic. Usually the hairs behind the ears and around the nipples and perianal region
are mostly pheomelanic, and the belly hairs are tipped with pheomelanin. The Agouti locus also
separately controls the dorsoventral distribution of eumelanin and pheomelanin, as seen in ‘black-
and-tan’ (black and yellow or brown and yellow) mice and dogs (Fig. 5.10).

The long allelic series of Agouti-locus mutants (some of which are discussed below in section 5.6)
result in differences in deposition of eumelanin (versus pheomelanin) in individual hairs and/or
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Figure 5.8 The classic agouti pattern is described as consisting of hairs that are banded
in eumelanin and pheomelanin. The eumelanin may be black or brown, depending upon
the genotype at the Tyrp1 (black versus brown) locus. The Brown, Agoutimouse is often
called (by fanciers) cinnamon. The pattern of banding is very precise at a specific location
on a specific inbred animal; however, among species and locations, hairs may be banded,
not banded, or multiply banded or tipped with yellow pigment. These patterns are controlled
at the Agoutilocus, but the relative amounts of eumelanin and pheomelanin are also
influenced by other gene loci, called modifying genes, which are either other proteins of the
MC1R complex or unknown modifiers.

different regions of the body. The patterns of eumelanin and pheomelanin within individual hairs as
well as differences over the body, where the dorsum is eumelanic and the ventrum pheomelanic,
have been attributed to control of the eumelanin/pheomelanin switching mechanism by region-
specific promoters of the A locus (Vrieling et al. 1994; Millar et al. 1995) or chimeric patterns such
as those of Viable yellow (A™/—) mice (see Fig. 5.19) or ‘brindle’ cattle (Girardot et al. 2006) (see
Fig. 5.11).

In mice and other mammals the agouti phenotype does not imply an exact banding pattern.
However, within a given species; and depending upon the genotype and the background genome,
the location on the body, and the type of hair; banding patterns are very tightly controlled
(Galbraith 1964). In leopards, the banding is so precise that eumelanin production stops (and starts)
in exactly the right location of each of the individual hairs so that the spot is precisely defined at all
levels of the overlapping hairs. Clearly the Agouti locus must be exquisitely sensitive to environ-
mental cues, to which it responds by production (or not) of ASP.
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Figure 5.9 The mouse in the foreground is agouti in phenotype, with most of the dorsal
hairs banded as shown in Fig. 5.8. Most of the ventral hairs of most agouti animals are
either banded or tipped with pheomelanin. The mouse behind is Nonagouti Black (a/a,
Tyrp18/Tyrp18) in genotype and phenotype. Both mice are inbred (C57BL/6J).

Figure 5.10 Both these dogs are heterozygous at the canine Merle locus (which breeders
term blue merle, discussed in Chapter 4, but the basic color is actually black). The dog in
front also has white spotting (discussed in Chapter 3) around the collar and down the
midline of the face, and additionally he is black-and-tan. Black-and-tan (&) is an allele at
the Agoutilocus. Thus, in addition to determining when pheomelanin or eumelanin will be
produced during development of the phenotype, the Agoutilocus determines where on the
body it will be produced.
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Figure 5.11 Commonly called ‘brindle’ patterning in the cow, the mutation is not related
to CBD103 (as is the ‘brindle’ pattern of the dog), but is similar to Viable yellowin the
mouse. The defect is caused by insertion of a transposable element into the Agoutilocus
(Girardot et al. 2006). The brindle cow at the rear may also be carrying the mutation
found in Charolais cattle (see Chapter 4) that has been attributed to mutation at the Silver
locus, as probably is the pale cow on the right. The dark animal at the rear is wild type

in color, with eumelanic pigmentation predominating over the head and shoulders.
Photograph courtesy of Britten Trust.

Thus, the product of the Agouti locus is not cell autonomous. For this reason, the Agouti locus
does not regulate all types of eumelanin/pheomelanin patterning. It does not regulate tortoiseshell
or calico patterns of pigmentation that we discussed in Chapter 3. These patterns (see Fig. 5.12) are
the result of chimerism for pigmentary traits that are autonomous to the melanocyte.

The MC1R is embedded in the cell membrane; thus its mutant expression is autonomous to the
pigment cell (Lamoreux & Mayer 1975; Poole & Silvers 1976). Chimeric mice that are composed of
Agouti embryos merged with Nonagouti embryos display a different pattern of pigmentation from
mice, such as those mentioned in Chapter 3, that are chimeric for cell-autonomous traits. The
agouti chimeric pattern seen in these artificial chimeras, and in the Viable yellow (A™/—) mutant
mouse (Fig. 5.19), is based in chimerism of the mesodermal tissues, where the ASP is produced
(Mintz 1971a, 1971b).

A third chimeric pattern of eumelanin/pheomelanin distribution is found in the ‘brindle’
pattern of dogs which apparently reflects a chimerism of keratinocytes, implicating a third cell
type in control over the eumelanin/pheomelanin switch. In dogs, the brindle pattern (see Fig. 5.13)
is not defined at the Agouti locus, but at the K (Dominant black, CBD103, Canine B-defensin 103)
locus which encodes another ligand of MCIR that promotes eumelanogenesis (Candille et al.
2007). The brindle phenotype of dogs is a member of the ‘dominant black” allelic series. This series
of phenotypic alleles is black/brindle/normal, with black dominant to brindle and epistatic to
yellow.
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Figure 5.12 Mini Mintzmeat. A tortoiseshell cat of the genotype Tyrp1% Tyrp1° (Brown)
autosomally, and X9/X®+. The cat has nonagouti brown stripes and yellow stripes. The
chimeric pattern is the result of Lyonization and the fact that the cell-autonomous yellow
(Orange) mutation is X-linked, and in this female cat is heterozygous (a homozygous
yellow (orange, red) cat is shown in Fig. 5.13). The pattern of distribution of eumelanin
and pheomelanin in tortoiseshell cats is a result of chimerism and is not determined at
the Agoutilocus. See also Figure 1.1.

Other loci (including Mahogany (Atrn, Attractin) and Mahoganoid (Mgrn1, Mahogunin, Mahogunin
ring finger 1)) have been referred to as ‘modifiers’ of the functions of the Agouti and Extension loci in
regulating the eumelanin/pheomelanin switch mechanism. This rather vague terminology is
growing more specific as we learn more about the sensitive controls over melanin type. Other
‘modifers’ exist.

The striped distribution of agouti hairs in tabby (striped or spotted) cats is not a chimeric pattern,
but is more akin to the precisely defined patterns of the giraffe, zebra, and various wild cats. Tabby
striping in the cat is another example of eumelanin/pheomelanin patterning that is not controlled
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Figure 5.13 A yellow cat (X°/X°) and a yellow and black brindle dog ( Tyrp18/— K%7/-)
with white spotting.

by the Agouti locus. Or rather, the Tabby locus apparently directs the Agouti-locus banding of the
hairs to form the pattern of stripes or spots. Tabby cats are agouti, because their hairs are banded
with yellow and nonyellow pigment. Based on phenotype, one can envision the Tabby-locus func-
tion to somehow direct the Agoutilocus when and where to produce ASP. The feline Tabby locus has
recently been identified (Lyons et al. 2006), and probably will have some new information to add to
this complex story. The mouse equivalent of the cat Tabby locus is not known, nor do mice have
tabby stripes, although mice do have a mutation of that name.

5.3 Melanin pigment

Pheomelanin can be compared chemically with eumelanin by a specific process of degradation
followed by measuring the ratio of pyrrole-2,3,5-tricarboxylic acid (PTCA) to aminohydroxypheny-
lalanine (AHP), with high levels of the latter defining pheomelanin at the chemical level (Lamoreux
et al. 2001; Ito & Wakamatsu 2006, 2008). At the chemical level, mammalian melanosomes con-
tain the necessary enzymes that catalyze the deposition of either eumelanin or pheomelanin in
melanosomes. However, to say that mammalian melanocytes produce either eumelanosomes or
pheomelanosomes is simplistic. ‘Mixed melanin’ has been described at the chemical level (Ito &
Wakamatsu 2008) (Fig. 5.14), and seems to have been adequately demonstrated.

However, the phenotypes of inbred mutant mice demonstrate that melanogenesis must be
under very precise control by the pigment-type switching mechanism. If the pigments were indeed
mixed, by production of eumelanin and pheomelanin at the same time, as a continual variable, one
would be hard pressed to explain the high level of precision of their deposition. For example,



190 PART Il THE PIGMENTARY LOCI

Cysteine DQ or DAQ

DQ or DAQ ¥

Pheomelanin core Eumelanin surface
Phototoxic with pheomelanin core
pro-oxidant Photoprotective
antioxidant

Figure 5.14 The casing model for mixed melanogenesis. Note that in the process of
mixed melanogenesis, pheomelanic pigment is produced first, followed by the deposit of
eumelanic pigment. In the granule with the eumelanic surface, the side was intentionally
cut away to reveal the inner pheomelanin core. Eumelanin is believed to act as a
photoprotective antioxidant while pheomelanin is a phototoxic pro-oxidant. DAQ,
dopaminequinone; DQ, dopaquinone. This model may explain observations at the
chemical level that suggest ‘mixed melanins’ that are inconsistent with phenotypic
observations suggesting that the cell makes one or the other type of melanin pigment.
Taken from Ito and Wakamatsu (2008).

Bagnara et al. (1979) was able to photograph individual melanosomes that were partially eumelanic
and partially pheomelanic as a result of pigment-type switching midway in the production of
the melanosome. Galbraith (1964) described the precision of the eumelanic and pheomelanic
pigmentation within hairs and over the bodies of inbred Agouti mice. Furthermore, the switching
mechanism that creates the phenotypes described above regulates an entire panel of genes that
is dedicated to precisely regulating the eumelanin/pheomelanin alternative (see section 5.4). It
is difficult to imagine, with all the regulatory controls and phenotypic precision, that mixed
melanins are the result of more or less random mixture of eumelanin and pheomelanin. It seems
much more likely that ‘mixed melanins’ represent an exquisite control of the cell over the switch
chemistry so that the cell is making either eumelanin or pheomelanin at any given time, but not
both at the same time.

With these considerations as background, the ‘casing model” (Ito & Wakamatsu 2008) for mixed
melanogenesis seems the most likely approximation of reality. According to the casing model,
pheomelanin is laid down first in eumelanosomes, followed by eumelanin (Fig. 5.14). The produc-
tion of pheomelanosomes, then, would simply be a process of not activating the multiple genes that
are required for eumelanogenesis or possibly switching on other as yet unknown loci.

Ito and Wakamatsu (2008) state that no chemical study has examined in depth the mode of
copolymerization of the two types of melanin pigments, and that the chemical studies to date have
been conducted at neutral pH, which is not normal for melanosomes. Clearly, more work is needed
at the chemical level.

5.4 Melanogenesis and the eumelanin/pheomelanin switch mechanism
As stated above, the MC1R complex functions to interpret extracellular signals to generate either

eumelanic or pheomelanic pigment. It does this by turning on or off a panel of melanosomal pro-
teins, many of which were discussed in Chapter 4. Evaluation of pigment cells in cell culture is an
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important collateral research technique in the study of gene functions, and the ability to ‘throw the
switch’ in cultured cells would be ideal for evaluating the intracellular changes that result, but cell
culture has been a challenge with melanocytes. In the early 1980s Eisinger and Marko (1982)
devised a culture technology for normal melanocytes that required high levels of cAMP, which
drives the cell toward eumelanogenesis. Later successful experiments by several groups using
‘growth factors’ encoded at white-spotting loci eliminated the need for artificially high cAMP
levels (Murphy et al. 1992; Ono et al. 1998; Kawa et al. 2000). From that time, significant progress
has been made (Hida et al. 2009; Le Pape et al. 2008, 2009). These latter studies (as is common with
pigmentation research) have substantially broadened our understanding of the functions of
a-melanocyte-stimulating hormone (0-MSH) and the switch mechanism in other cellular pathways,
in addition to pigmentation, and raise many questions that will ultimately no doubt be tested using
the mouse model.

Clearly the production of all melanin pigment depends on the availability of competent tyrosin-
ase (TYR) and its substrates in the melanosome. TYR activity differs in yellow mice, compared
with nonyellow mice, as discussed in Chapter 4. This, and the downregulation of five pigmentary
loci (Tyrp1, Dct, Silver, Underwhite, Pink-eyed dilution), have been confirmed in vivo. However,
changes at many additional loci result from application of MSH in vitro (Le Pape et al. 2009;
Yamaguch & Hearing 2009).

The fact that we do not clearly understand the intracellular functions of the switch mechanism
may not be surprising, considering the number of external factors that regulate the switch, presum-
ably some unknown to us. Or, again considering the number of variables, pigment-type switching
might be a tissue-level emergent phenomenon that is not precisely replicable in the absence of all
the components of the tissue.

5.4.1 Production of pheomelanin in the melanosome

We know that TYR activity is low during production of pheomelanin, suggesting that pheomelanin
is properly synthesized at lower levels of dopaquinone formation than eumelanin. This observation
suggests a correlation with the so-called casing hypothesis of mixed melanins (Fig. 5.14) that needs
further study.

The reduction of TYR activity in pheomelanosomes might have a number of causes. It is likely
that TYR in pheomelanic tissues is processed and routed differently than it is in eumelanic tissues,
given the absence of several proteins that function in eumelanic tissues to process and route the
TYR to the melanosome (Chapter 4). However, differences exist also in protein interactions within
the melanosome. The known proteins that function within the melanosome that are not available
in pheomelanic mice are tyrosinase-related protein 1 (TYRP1), dopachrome tautomerase (DCT),
and SI. Their absence might function in two different ways to modify the function of TYR in the
melanosome, first by changing the catalytic balance of the melanogenic pathway, or second by
physical interaction with TYR. TYRP1 is known to have a tight interaction with TYR in mice; TYR
activity is modified in its absence, as discussed in Chapter 4 (Jiménez-Cervantes 1998; Kobayashi
etal. 1998).

Another probable cause of reduced TYR activity in pheomelanic cells is the presence of the sub-
strate itself, which of course would be expected to change conditions in the melanosome.
Compounds such as cysteine or glutathione with free thiol groups are essential for pheomelano-
genesis, and must therefore be present in the pheomelanosome. But those compounds are also TYR
inhibitors (Jara et al. 1988). Therefore, some degree of thiol-dependent inhibition of TYR might be
expected during pheomelanogenesis as opposed to eumelanogenesis.
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In addition to a reduction of TYR activity, the switch involves modification of a whole panel of
other gene loci. Precisely how this condition is brought about is not clear, although one actor is
known to be cAMP, and the pathway probably involves microphthalmia-related transcription factor
(MITF). Another intriging possibility is that MGRN1 may be involved in the routing (trafficking) of
the proteins required to make melanosomes (Kim et al. 2007).

It has often been proposed that the availability of thiol compounds is the key to the production of
pheomelanin. Pheomelanic pigmentation is indeed reduced in pheomelanic regions of mice
mutant at the Subtle gray (Sut, Slc7a11) locus (see Fig. 5.23, below), which encodes a protein that
functions in transport of sulfur-containing amino acids into the cell. Le Pape et al. (2009) report that
application of ASP to cultured pigment cells modulates glutathione synthesis. Several other loci
that appear to influence pheomelanic pigmentation more than eumelanic pigmentation in mutant
mice have not been studied in this regard. These include Grey-lethal and Grizzled (Silvers 1979; see
also the Appendix in Chapter 1).

Similar to the Subtle gray mice, mice that are mutant at the Albino locus also exhibit a greater
reduction in pheomelanic than eumelanic pigmentation. For example Chinchilla (Tyr<®/ Tyrch)
black mice are barely different from normal black mice, but pigmentation is much reduced by the
Chinchilla mutation in mice that are yellow, or in the yellow bands of agouti hairs of mice and other
animals (including ‘white’ tigers and chinchillas, from which the mutant gets its name). The excep-
tion to the rule that pheomelanin is reduced more dramatically than eumelanin in mice mutant at
the Tyr locus is seen in mice homozygous for the Platinum (Tyr“?) allele. As TYR in Platinum mice
apparently does not reach the melanosome (Orlow et al. 1993; Beermann et al. 1995, 2004), this sug-
gests that the observed difference between the pheomelanic and eumelanic response to the same
albino condition in inbred mice occurs at the level of the melanosome, after the panel of proteins
that are involved with eumelanogenesis has been activated, before they are successfully routed to
the developing organelle.

In quite the reverse interaction, Pink-eyed dilution (Oca2¥/Oca2?), which is also switched off
during pheomelanogenesis, strongly reduces eumelanic but not pheomelanic pigmentation (Chiu
et al. 1993). A similar relationship has been observed in humans that are pheomelanic (or not)
because of their genotype at MC1R (King et al. 2003b). It is conceivable that OCA2 may function in
availability of substrate or in pH control (Chen et al. 2002, 2004).

In sum, all of the above factors are changed during pigment-type switching, but none of them
individually causes the switch. Whether viewed from the perspective of the phenotypic relation-
ships discussed above, or from the perspective of gene-expression profiles of cultured melanocytes
as reported by Le Pape et al. (2009), the eumelanin/pheomelanin switch appears to be a choice
between two extensive programs of gene expression that are all ‘switched’ together. The primary
cause of all this activity is the interaction between the MC1R at the cell surface, and its ligands, ASP,
MSH, and, atleast in the dog, canine B-defensin 103 (CBD103).

5.5 Signaling the switch mechanism at the cellular level

We have emphasized that the pigment cell is highly responsive to the tssue environment within
which it functions, and we have shown that the switch is mediated by MC1R, encoded at the
Recessive yellow (Mc1r) locus, a protein that resides in the cell membrane and transduces the environ-
mental messages into intracellular responses. Arriving messages are generated in the dermis and
epidermis (April & Barsh 2006) as well as in the endocrine system and probably the nervous system.
These include ASP encoded at the Agouti locus and expressed in the mesoderm (Aberdam et al.
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1998), melanocyte-stimulating hormone (a-MSH) encoded at the Pro-opiomelanocortin (Pomc)
locus, which can be pituitary or epidermal in origin, and CBD103, which is expressed in keratino-
cytes. Attractin (ATRN) encoded at the Mahogany locus may be associated with the receptor as a
modulator of ligand binding and mahogunin ring finger 1 (MGRN1) encoded at the Mahoganoid
locus may be required for transmission of the message.

The best-known result of this signaling system in the case of eumelanogenesis is increased
levels of cAMP within the cytoplasm and activation of the cAMP signaling pathway, or the absence
or reduction of this signaling in the case of pheomelanogenesis. However, it has also been shown
that ASP signals through two different pathways when pheomelanic cells are exposed to it in culture
(Hida et al. 2009), and that CBD103 exerts its influence via a cAMP-independent pathway (Candille
etal. 2007).

MITF has been implicated as a transcription factor that influences production of many proteins
involved in melananogenesis (see Chapter 3), but the details of the signaling pathway from the
receptor to the actual switch of pigment type are not known. Little work has been done to study
pheomelanogenesis in mice that are mutant at loci known to be inactivated during pheomelano-
genesis, or to directly confirm a relationship between MITF and the switch mechanism. It is difficult
to study pheomelanogenesis in cell culture, although apparently normal pheomelanogenesis has
been achieved in hair follicles in tissue culture (Tamate & Takeuchi 1984) and cell-culture condi-
tions continue to be refined. This difficulty may be the result of the complexity and multicellular
origin of the external signals required for normal regulation of the switch mechanism, combined
with the fact that MC1R maintains a constitutive level of activity in normal cells (Bennett 1989;
Bertolotto et al. 1998; Huver et al. 2003; Sanchez-Mas et al. 2004; Levy et al. 2006).

MCI1R is a G-protein-coupled cell surface receptor that can be bound by o-MSH or CBD103 as
‘positive’ agonists. Activation of MC1R by these agonists stimulates adenylate cyclase and increases
the intracellular levels of cAMP (Suzuki et al. 1996) (see Fig. 5.15) which signals production of
eumelanin. Binding of ASP prevents binding of MSH, and transmits alternative unidentified signals
independent of cAMP and directs the production of pheomelanin (Abdel-Malek et al. 2001; Garcia-
Borrén et al. 2005; April & Barsh 2006; Le Pape et al. 2008; Hida et al. 2009). An agonist binds a
receptor and changes its activity; an antagonist binds a receptor as a competitive inhibitor, but does
not independently change its activity. ASP binds the receptor competitively, but it also indepen-
dently reduces cAMP levels and produces an alternative signal; therefore it is correctly termed an
inverse agonist and is the primary signal for the eumelanin/pheomelanin switch (Abdel-Malek &
Supp 2008). However, it seems that MSH, cAMP, and CBD103 are not solely responsible for
pigment-type switching, or at least not solely responsible for regulating the sensitivity of the receptor
complex to the external stimuli it receives. As we have already stated a number of modifiers of the
switch response exist.

The eumelanin/pheomelanin switch mechanism is a remarkable example of cellular responsive-
ness to its environment. The more we learn about it, the more it moves us forward to yet more
interesting questions. To what is the Agouti locus regulatory region responding? How does it know
which pigment to put where (Weiner et al. 2007; Enshell-Seijffers et al. 2008)? How does the mes-
sage from the receptor and its ligands become so intricately and accurately transduced into highly
variable pigmentary phenotypes? And perhaps most interesting, how does such a complex switch,
involving dozens of proteins inside and outside the cell, evolve?

One wonders whether the rapid changes between production of eumelanin and of pheomelanin
may represent a controlled reversion to and from a more primitive condition. And if so, which is the
more primitive condition? The answers to these and similar questions will no doubt tell us a great
deal about the processes of life, well beyond the functions of the pigment cell.
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Figure 5.15 Basic components of cCAMP signaling in the melanocyte lineage. Symbols
and abbreviations are as in Fig. 3.9. See text for more details and sources. Ad cyclase,
adenylate cyclase; ASP, agouti signal protein; CRE, cAMP-response element;

CREB, CRE-binding protein; OA1, ocular albinism 1 protein (a receptor for L-dopa);

P in circle, phosphate group.

5.6 Yellow genes
Recessive yellow (E, Extension, Mc1r, Melanocortin 1 receptor)

MGl lists seven phenotypic alleles, of which six were spontaneous.
Availability: JAX, MMRRC, ORNL, and TAC (see Appendix in Chapter 1 for details about
repositories).

MCIR is an integral membrane protein of 317 amino acids in humans and 315 in mice, with
an extracellular N-terminus, seven transmembrane domains, and an intracellular C-terminal
extension (Garcia-Borrén et al. 2005) (Fig. 5.16). The Recessive yellow locus encodes MCI1R, which
functions as the key switching element of the MC1R complex of the pigment cell. The normal,
wild-type MCIR responds to multiple cues, including melanotropic hormones encoded at the
Pro-opiomelanocortin locus, CBD103, and ASP encoded at the Agouti locus. The result, in normal
mice and most other mammals, is the agouti pattern of distribution of yellow and nonyellow
pigmentation that is described above (Figs 5.8, 5.9, and 5.17). With certain mutations at the Mclr
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Figure 5.16 Generalized diagram of MC1R residing in the cell membrane, comparing the
human and mouse proteins. In the living cell, of course, this protein is closely associated
with or interacts with other proteins discussed in this chapter to make up the melanocortin
receptor complex (Pérez-Oliva et al. 2009). Diagram courtesy of Garcia-Borrén, Sanchez-
Laorden and Jiménez-Cervantes 2005; reproduced with permission of Wiley-Blackwell.

Figure 5.17 Mice showing the normal agouti phenotype on two different inbred
backgrounds. Function of the Agoutilocus is very sensitive to background genome. For
example, all the alleles tend to be darker (more eumelanic) on the C3H background than
they are on the C57BL/6J background.
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Figure 5.18 Yellow mice. The mouse at the back is an Agouti-locus mutant, C57BL/
6J-AY/a, Mc1rf/Mc1rE. The Recessive yellow mouse in the foreground is C57BL/6J-a/a,
Mc1ré/Mc1ré. Notice that the characteristic minor eumelanic tipping of the hairs of the
recessive yellow mouse is greater than that seen on the Lethal yellow mouse when the
background is C57BL/6J. Agouti-locus mutant phenotypes are more highly variable in this
respect, depending on strain background.

locus, the MC1R cannot implement the switch. Pigmentation will then be either pheomelanic,
as in Recessive yellow (Mc1r¢) (Fig. 5.18) in mice or similar alleles in humans (Krude et al. 1998;
Beaumont et al. 2008) and other animals, or eumelanic as in Sombre (Mc1r¥°) or similar alleles. The
eumelanin will be black or brown depending upon the genotype at the unrelated Tyrp1 locus,
or will show modifications of the three major pigment colors if other relevant mutations are pre-
sent. The wild-type MCIR maintains a constitutive level of activity that results in a eumelanic
mouse, even in the absence of signaling from melanotropic hormones (Bennett 1989; Bertolotto
etal. 1998; Levy et al. 2006).

MCIR can be artificially activated by injection of o-MSH during a hair growth cycle of a mouse
that is making pheomelanin under control of the agouti locus (Geschwind 1966), or by addition of
MSH to cultured melanocytes. a-MSH is encoded at the Pro-opiomelanocortin (Pomc) locus, discussed
below. The receptor switch in mice with normal MC1R can be artificially switched to eumelano-
genesis by injection of a-MSH. If the cell is producing pheomelanosomes, it will switch to eume-
lanosomes, without interrupting the processes involved in generating the melanosomes and
delivering them to keratinocytes. The changing patterns of melanogenesis suggest that circulating
MSH is not the normal signal for the MC1R (Millar et al. 1995) and that the situation is considerably
more complex and involves at least three additional loci, and regulation by both dermal and
keratinocyte (Hirobe 2005) elements of the skin, as discussed above.

Binding of ASP (encoded at the Agouti locus) to MC1R prevents the upregulation of cAMP that
is associated with activation of eumelanogenesis and causes the cell to switch its programming
toward pheomelanogenesis. Abnormal pheomelanogenesis may be caused by mutation at the
Extension locus, as in Recessive yellow mouse, or at the Agouti locus. Mice of both types are shown
in Figure 5.18.
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Constitutively active MC1R (as in Sombre/ Mc1r**° or Tobacco/Mc1r®** mice) or a loss-of-function
mutation in Agouti (Nonagouti, a, or Extreme nonagouti, a°, for example) results in nonagouti eume-
lanic mice (Robbins et al. 1993; Jackson 1994).

In human skin, MCIR is importantly involved in the response to ultraviolet irradiation and pro-
tection from skin cancer, as well as determining pheomelanic versus eumelanic pigmentation
(Bonilla et al. 2005). A number of recent reviews deal with the relationship of mammalian MC1R
with melanocyte function, skin pigmentation, and skin-cancer risk (Robinson & Healy 2002; Sturm
2002; Bataille 2003; Rees 2003; Healy 2004; Garcia-Borrén et al. 2005; Rouzaud et al. 2005).

Agouti (A, Nonagouti, a)

MGl lists 101 phenotypic alleles, 58 of which were spontaneous.
Availability: HAR, JAX, MMRRC, ORNL, and RBRC.

A note about nomenclature: the official name of the Agouti locus has been changed to ‘Nonagouti.’
However, from the initiation of the science of mammalian pigmentary genetics over 100 years ago,
until very recently, this locus has been named Agouti, and most of the literature on the subject of
pigmentary phenotypes to this day refers to the Agouti locus, especially across species lines. Most of
the phenotypic literature will be accessible using the term Agouti in preference to Nonagouti, which
is the name of one of the recessive alleles at the locus.

The Agouti locus (Fig. 5.17) encodes ASP, which functions as an inverse MC1R agonist (see sec-
tions 5.4 and 5.5), not only preventing other ligands from binding the MC1R complex, but also
blocking its constitutive activity, generating a different signal of its own (Hida et al. 2009) and so
preventing formation of eumelanosomes and activating pheomelanin synthesis. The presence or
absence of ASP is a primary external control of the switch mechanism in mice (Siracusa 1994).

Mice that are yellow because of mutation at the Agouti locus are also obese, approximately in
proportion to the ratio of yellow (compared with nonyellow or agouti) hairs in their fur. Therefore
it is not surprising that elucidation of the mechanism of action of the pigment defect has also
informed our understanding of obesity. Hyperphagic obesity of Agouti-locus yellow mutant mice
relates to the fact that the melanocortin 3 and 4 receptors (MC3R and MC4R) are capable of binding
ASP. These receptors are found in areas of the brain, including the hypothalamus, that regulate
energy metabolism. When ASP is normally expressed, only MC1R (on melanocytes) has access to
it. When ASP is expressed ubiquitously (see next section), MC4R and MC3R are able to bind it
(Ollmann et al. 1997: Shutter et al. 1997; Yang et al. 1999; Barsh et al. 2000).

Yellowness in mice influences size of white spots (Lamoreux 1983) and colors of mice mutant at
Mitf (Lamoreux 1981).

In normal mice, the pheomelanic alternative is determined by the genotype of dermal tissues
that produce ASP at appropriate times and locations (Markert & Silvers 1956; Mayer & Fishbane
1972; Millar et al. 1995; Hirobe et al. 2004b). Postnatally, ASP is produced by the dermal hair papilla,
a core of dermis inside the hair bulb and adjacent to the follicular melanocytes (Millar et al. 1995). In
normal mice, the location and timing of ASP expression is controlled by region-specific and hair
cycle-specific promoters of the Agouti gene (Vrieling et al. 1994; Millar et al. 1995), presumably in
coordination with or in response to signaling from modifying loci. One of these may be Thx15
(Candille et al. 2004). Agouti transcripts of mice contain four exons: exons 2—4 contain the region
that encodes the protein. There are several alternatively spliced transcripts containing different
exons 1 (not translated), which are expressed from different promoters. Four separate exons 1 have
beenidentified: 1A and 1A” are found only in mRNA from ventral skin, whereas exons 1B and 1C are
specific to the hair growth cycle (Hustad et al. 1995).
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Figure 5.19 YS/WfLm-AY/a EdnrbS/Ednrbs. A chimeric (A"/a) mouse with Piebald white
spotting. Some mice of this genotype are entirely agouti in appearance, while others are
entirely yellow, and anything between is possible. Notice that the spotting does not affect
pattern or size of the stripes, which are dermal in origin. The calico phenotype, in which
distribution of pigment is modified by the presence of some genotypes of white spotting,
affects only cell-autonomous chimerism (Chapter 2).

Lethal yellow (A”) The Lethal yellow mutation of the mouse (Figs 5.1 and 5.18) was one of the
earliest described mammalian genetic anomalies (Cuénot 1902) and continues to be one of the most
instructive. Lethal yellow mice are pheomelanic; they develop adult-onset hyperphagic obesity
and obesity-related problems such as diabetes. On some genetic backgrounds they have a higher
incidence of tumors than nonagouti or agouti mice; and homozygous embryos die at implantation.
The A” allele is dominant to the wild-type (Agouti) allele, A. The lethality of the A¥/A” genotype in
mice has been explained by the constitutive and nearly ubiquitous expression of the ASP, the protein
encoded at the Agouti locus. In this mutant allele, the structural gene for ASP is aberrantly linked
to the promoter of the Raly gene, which is ubiquitously expressed and encodes an RNA-binding
protein important to embryogenesis but not related to pigmentation (Bultman et al. 1992; Miller
et al. 1993; Michaud et al. 1993, 1994; Duhl et al. 1994). The rearrangement results in loss of RALY
expression, thus explaining the lethality of homozygosity for the ‘lethal yellow” allele.

In addition to Lethal yellow, several other Agouti-locus alleles have been identified that are
dominant to the wild type. Some are detailed below. None is lethal, but they all result in mice with
some increased amount of pheomelanic pigmentation compared with wild-type agouti mice.
Some are chimeric, with variable patches of yellow fur and wild-type agouti fur (Fig. 5.19) that
depend upon expression of the gene in the mesodermal tissues. Similarly, black/agouti chimerism
is generated by other alleles that are lower in the dominance series than Agouti (a™ for example,
Fig. 5.20). The cause of the chimerism is not clear in all cases (but see Hypervariable yellow below)
but chimeric phenotypes and their implications are discussed in Chapter 3 and above.

Viable yellow (A*) 'This allele (Fig. 5.19) has been used extensively to study the pleiotropic
effects associated with the agouti-yellow phenotype on the C3H/HeJ and the VY/Wf and
YS/Wfbackgrounds. Homozygotes (A"/A") and heterozygotes (A"/A and A™/a) show consider-
able variation in appearance, ranging from clear yellow, through mottling with dark patches,
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Figure 5.20 C57BL/6J-a™a™ (on the left) and JU/CtLm-a™/ a™ (on the right). These mice
are available at MMRRC.

Figure 5.21 C57BL/6J. These are Mahogany mice: the phenotypes of Mahogany and
Mahoganoid mice are similar. The one at the bottom is nonagouti black, and the one at the
top is yellow. These mice are available at MMRRC.
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Figure 5.22 Exfreme nonagouti, C57BL/6J-a®/ a°. Notice that the mutant mouse is more
eumelanic than the control C57BL/6J-a/a mouse in the foreground, particularly behind the
ears and also in the tail and peri-anal region, and around the nipples.

to a completely agouti-like coat. The variation is strongly influenced by the Agouti-locus genotype
and strain genome of the dam, by genetic background, and also by some environmental conditions
including diet (Wolff 2003). Homozygotes and heterozygotes tend to become obese, and the
degree of obesity is correlated with the amount of yellow in the coat. Some types of tumor are
preferentially expressed in the yellow mice compared with the nonyellow (agouti) mice. The work,
undertaken notably by Heston and Vlahakis (1962) and by George Wolff, and their co-workers,
provided extensive data relative to the correlation of the yellow phenotype with obesity, tumor
incidence, diabetes, higher growth rates, several biochemical parameters, and also maternal
influence, in mice that were of the same genotype but differing phenotypes. This ongoing lifetime
of work was summarized in a recent review (Wolff 2003).

Hypervariable yellow (A*)  This mouse has an even broader range of phenotypes than the Viable
yellow, from pheomelanic through eumelanic nonagouti. Carriers’ coat colors range from mostly
yellow to almost completely nonagouti (black, on the C57BL/6] background) and are usually
patchy or striped. Mice with coats on the yellow end of the spectrum tend to develop obesity while
those with more eumelanic coats do not. Homozygotes are viable and fertile, and are more likely to
have yellow or mostly yellow coats than are heterozygotes. A" is recessive to A”, and dominant to a
and a® (Extreme nonagouti, Fig. 5.22). Hypervariable yellow was backcrossed on to C57BL/ 6] and used
(Argeson et al. 1996) to demonstrate the cause of the chimerism as described below. The allele is
available on the C3H background at JAX. The C57BL/6J-A"Y/a mouse was lost.

In the A" mouse, the yellow/nonyellow chimerism is attributed to an intracisternal A
particle (IAP; essentially a transposable element) inserted into the agouti exon 1C in an antisense
orientation. Exon 1C normally controls yellow/nonyellow banding in the hairs by regulating
expression of ASP in the dermal papilla cells (Argeson et al. 1996). However, this 5.4 kb insertion
results in transcription of the full-length coding sequence from the long-terminal repeat (LTR;
promoter) of this IAP. Thus, ectopic expression is found in a manner that parallels the broad
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variation in coat color routinely seen within a population of A" mice. Specifically, A" mice with
a predominantly yellow coat color have a greater ectopic expression of ASP than do those which
display a predominantly nonyellow (nonagouti black in this work) coat color. This variation
in expressivity has been attributed to variation in methylation of the inserted IAP (Argeson et al.
1996). The methylation state is clonally derived, is to some extent heritable, and is influenced
both by the pigmentation ratio of the mother and by environmental factors that include diet
(Wolff 2003).

The correlation of obesity with yellowness is found in all the dominant-yellow chimeric geno-
types of mice mutant at the Agouti locus, including A"™/a mice, which are phenotypically variable
though co-isogenic (Lamoreux 1983; Wolff 2003). For this reason, the A" and A™ mutant inbred
mice are importantly used in studies of transgenerational epigenetic phenomena (Morgan et al.
1999; Wolft 2003; Blewitt et al. 2006; Dolinoy et al. 2006; Dolinoy 2008).

Agouti mottled (a™ and a™J)  Agouti mottled mice are also interesting because of their chimerism.
Their phenotypes on a C57BL/6] background range between agouti and nonagouti. In the a™/
mouse, the cause of chimerism is the replacement of one of the normal exons of the control region
of the transcript by a nucleotide sequence that is normally located in the genomic DNA upstream of
the coding regions. These mice are available from JAX on the C57BL/6J background. The pheno-
type on the JU/CtLm background differs quite dramatically. Lamoreux (unpublished results)
obtained the a™ allele from George Wolff and backcrossed from the same initial source on to both
C57BL/6] and JU/CtLm (Fig. 5.20). On the B6 background, the phenotype is mottled as expected.
On the JU background the mouse appears like a normal agouti animal with no mottling. Both these
stocks are available from MMRRC.

Agouti (A) (Figs 5.9 and 5.17) 'This is the phenotype most often referred to as wild type in Mus
musculus, as described in section 5.2 (although see also the following allele). Briefly, the phenotype
is the result of banding of eumelanic and pheomelanic pigmentation within the hairs, especially
dorsally. This patterning is imposed by the Agouti locus promoter which directs ASP production
during the hair cycle (Millar et al. 1995). The number of bands on hairs of agouti mammals, the
width of the bands, and their locations are tightly controlled genetically and at least in cats are
selectable. This probably reflects interactions of the Agouti promoter with unknown ‘modifying
genes.’

Inbred Agouti mice are available on C57BL/6]J and C3H inbred backgrounds. It is useful to note
that C3H Agouti mice have often been used as a wild-type ‘control’ for C57BL/6] mutant experi-
ments. This practice is undesirable, because the phenotype of Agouti-locus mutants is significantly
different on the two backgrounds in terms of color (C3H mice are darker, more eumelanic; Fig. 5.7)
and of other traits mentioned above in the section on background genome.

White-bellied agouti (A*) White-bellied agouti is a common wild mouse phenotype that lacks
eumelanic banding of its ventral hairs, which also are reduced in pheomelanic pigmentation and so
are white or cream. The mice are dorsally agouti in phenotype. There are many similar alleles. In
the original A* allele, the locus contains a large insertion in the first intron of an LTR of a transpos-
able element. This gives additional expression of abnormally spliced ASP transcripts.

‘Black-and-tan’ (a*)  As is true of all Agouti-locus phenotypes, these mice are black and yellow
(or brown and yellow depending upon the genotype at the Tyrp1 locus). In the case of ‘black-
and-tan’ animals, however, the coloring is much more dramatic because the hairs are not of
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the agouti type. The distribution of the tan (yellow) and nonyellow pigmentation depends upon
the location on the body (yellow is on the belly and may also be expressed in other locations, in
other species, as dogs). In mice, the belly ranges from vibrantly pheomelanic to nearly white,
depending upon the background genome, while the entire dorsum is nonagouti and eumelanic.
This phenotype beautifully illustrates control of the Agouti locus over spatial distribution of the
eumelanin/pheomelanin alternative (Millar et al. 1995). Mouse fanciers have bred mice that are
homozygous for Black-and-tan and for Pink-eyed dilution, taking advantage of the fact that Pink-eyed
dilution reduces the eumelanic pigmentation but not the pheomelanic pigmentation. The result
is a pretty gray mouse with a bright yellow belly (p. 105 of Jones 1979). Black and tan is dominant
to Nonagouti.

Nonagouti (a) 'This is most commonly represented by the standard eumelanic C57BL/6] mouse
(Figs 5.9, 5.22, and many other figures in this book), always available on the shelf at The Jackson
Laboratory, which is shown as the control in most of the pictures in this book. The inbred C57BL/ 6]
mouse is Nonagouti (a/a) and is wild type at the Tyrp1 and other known color loci; thus, nonagouti
black in phenotype. It has a few yellow hairs behind the ears and around the perianum and nipples.
Correctly stated, homozygosity for the a allele results in a nonagouti eumelanic mouse: one that
lacks the subterminal pheomelanic banding characteristic of agouti mice. Nonagouti does not define
the color of the eumelanin. Similarly, C57BL (or B6 or C57) are not synonyms for black color but
rather define the strain background of the mouse.

The Nonagouti allele (a) contains an 11-kb insertion in the first intron of the Agouti transcript.
This 11-kb insertion consists of a 5.5-kb VL30 element with an additional 5.5 kb of repeat-flanked
sequence inserted between base pairs 2474 and 2473 of this VL30 element, in opposite transcrip-
tional orientation from Agouti. This apparently disrupts splicing, since the result is a smaller and
much less abundant transcript, hence the greatly reduced ASP activity.

Nonagouti mice are available on several inbred backgrounds, including C57BL/ 6], C3H/FeLa,
JU/CtLm (the a allele in the latter case originally from HAR, rather than from JAX). Many other
natural and created alleles of the Agoutilocus are available. They consistently maintain a dominance
order that correlates with phenotype, from A%, the yellow top dominant, to a®, Extreme nonagouti,
and several other alleles (Fig. 5.22), homozygotes for which, as with 4, are profoundly nonagouti
with no evidence of yellow hairs. a appears to be a null allele for ASP; it is a mutation in the
ATG methionine codon that signals the start of translation, resulting in no translation (Hustad
etal. 1995).

Pro-opiomelanocortin (POMC)

Four phenotypic alleles are listed at MGI, none of which are spontaneous.
Availability: JAX.

The POMC locus encodes MSH, adrenocorticotropin (ACTH; corticotropin), and other melano-
cortins that function in an integrated fashion to regulate the functions of corticosteroids (Karpac
et al. 2008). In terms of the switch mechanism, POMC is a large molecule that is chopped up to
release a-MSH, which is a ligand of MC1R and is capable of competing with ASP to switch the signal
from pheomelanin to eumelanin. This function of a-MSH was discovered accidentally in an Agouti
mouse that had a tumor of the pituitary and an unexpectedly black phenotype. The ability of MSH
to activate the switch from pheomelanic to eumelanic was subsequently confirmed by injection
of MSH into Lethal yellow mice during hair growth (Geschwind 1966). However, the presence or
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absence of a circulating hormone is not sufficient to explain all the subtleties of phenotype
generated by the switch mechanism. Much later it was demonstrated, rather surprisingly, that
nonagouti POMC-knockout mice, which are unable to produce MSH, are visually as black as Nonagouti
POMC-expressing mice (Slominski et al. 2005) although apparently not as totally black as Extreme
nonagouti mice or mice that are black because of an activating mutation of the MC1R, such as Sombre
(Mc1r55°). Evidently the receptor has some inherent activity (Garcia-Borrén et al. 2005; Slominski
etal. 2005) oris being influenced by signals other than ASP (April & Barsh 2006; Candille et al. 2007).

ACTH also is capable of promoting eumelanin synthesis, especially in humans. Keratinocytes of
the skin and hair follicles, adjacent to the melanocytes, can synthesize MSH and POMC (Yamaguchi
& Hearing 2009) and (at least in dogs and wolves) CBD103 also promotes eumelanogenesis.

Mahogany (Mg, Atrn, Attractin) and Mahoganoid (Md, Mgrn1, Mahogunin ring finger 1)

Mahogany: MGl lists seven phenotypic alleles, five of which were spontaneous.
Mahoganoid: MGl lists seven phenotypic alleles, five of which were spontaneous.
Availability for both: CMMR, JAX, MMRRC, ORNL, and TIGM.

The Mahogany locus encodes attractin (ATRN) (Gunn et al. 1999), a large transmembrane protein
with several extracellular interaction domains including a CUB domain, EGF domains, a C-type
lectin domain, and a y/p common cytokine receptor-binding motif (Gunn et al. 1999, 2001; Nagle
etal. 1999).

He et al. (2001) and Phan et al. (2002) cloned the mouse Mgrnl gene, mutant in Mahoganoid mice.
Both groups identified the human homolog as KIAA0544 (Nagase et al. 1998), a ubiquitously
expressed protein with a C3HC4 RING that has E3 ubiquitin ligase activity in vitro.

The pigment phenotype of homozygous Atrn™$ (Mahogany) mice is indistinguishable from that
of Mgrn1™ (Mahoganoid) on the same inbred background. An example is shown in Figure 5.21. Both
alleles cause darkened coat color due to increased production of eumelanin (compared with
pheomelanin). AY/—, Atrn™8/ Atrn™8 mice are darkly eumelanic dorsally (Fig. 5.21) but yellow on the
belly, whereas A’/ —, Atrn™$¥/ Atrn™¢¥ mice are entirely black with dark ears and tail. Mice homozy-
gous for the Mahoganoid mutant allele are characterized by reduction of yellow pigment. Complete
loss of function (homozygous Mgrn1") causes absence of yellow pigment.

In addition to reduction in yellow pigmentation the phenotypes include suppression of the
obesity associated with mice that are yellow because of mutation at the Agouti locus. Mice lacking
mahogunin ring finger 1 (MGRNT1) or attractin develop age-dependent spongiform neurodegenera-
tion through an unknown mechanism (Dinulescu et al. 1998; Walker et al. 2007). However, this may
be a secondary result of mitochondrial dysfunction and oxidative stress that are evident before onset
of vacuolation in the brains of mice homozygous for mutants at Mgrn1 or Atrn. Many mitochondrial
proteins are reduced in Mgrnl mutants (Sun et al. 2007), although the situation seems different in
cultured melanocytes, where proteins downregulated by ASP, with the presumed help of normal
MGRN], prominently included 61 mitochondrial proteins (Le Pape et al. 2009).

Dinulescu et al. (1998) reported that mice homozygous for Atrn™¢ on a C57BL/6] congenic
background have increased night-time locomotor activity, a 0.5°C increase in body temperature,
and increased basal metabolic rate, and are hyperphagic. Gunn et al. (1999) reported that mice
homozygous for Atrn™¥ on the C3H/He]J background also have increased night-time locomotor
activity but that they have normal food intake and decreased body weight associated with decreased
adiposity. Mice homozygous for Atrn™¥ have decreased fat storage and are resistant to weight gain
when fed a high-fat diet. Atrn mutations do not alter the obesity caused by a null mutation of MCR4
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or transgenic expression of agouti-related protein, nor do they inhibit obesity caused by mutations
tub, Cpef“t, Lepr"b, or Lepr"”’ (Jackson 1999; Nagle et al. 1999; He et al. 2001; Dinulescu et al. 1998).
The severity of the vacuolation and also of behavioral defects increases with age and varies between
strains (He et al. 2001).

Each mutant allele at Mahogany or Mahoganoid is recessive, and, as stated, when homozygous
each reduces the amount of pheomelanin that is predicted by the Agouti-locus genotype, assuming
that the mouse is wild type at the Mc1r locus and able to respond to its ligands (Bagher et al. 2006).
This supports the idea that ATRN and MGRNI1 proteins act in the same signaling pathway as ASP.
ATRN is proposed to be a co-receptor for ASP (see above), while MGRN1 is an E3 ubiquitin ligase
(Barsh 2006), an enzyme that adds the small peptide ubiquitin to another protein. This addition
often signals degradation of that protein by proteasomes or lysosomes. MGRNI1 was recently pro-
posed to act downstream of the MCI1R to interrupt a positive feedback in cAMP/eumelanogenesis
signaling, possibly by inducing degradation of a key signaling component (Hida et al. 2009). The
precise mechanism of function of these two proteins is still in doubt, but it seems clear from the
murine phenotypes that they function together with the MCIR to refine the signal received from
its ASP ligand.

In vitro, ATRN specifically binds ASP encoded at the Agouti locus, where it may function to
facilitate the interaction of ASP with the MC1R complex (He et al. 2001). A similar protein has been
found associated with the melanocortin 4 receptor (Haqq et al. 2003). MC4R also recognizes ASP,
suggesting that further study of the eumelanin/pheomelanin switch mechanism will continue to
inform at least two other functional sets of proteins: MC4R and MC3R and their associated
proteins, which regulate important tasks in the mammalian brain (Czyzyk et al. 2008).

Dominant black (K, CBD103, Canine [3-defensin 103)
Not listed at MGI or IMSR.

The work with the Canine -defensin 103 locus, which encodes CBD103, has been done primarily
in dogs, and is discussed above as it relates to the eumelanin/pheomelanin signaling pathway.
However, in transgenic mice CBD103 has been shown to bind with high affinity to the MC1R and
has a simple and strong effect on pigment type, generating eumelanic skin and hair if either the
normal or mutant canine sequence is expressed from an epidermal keratin promoter (fig. 4 of
Candille et al. 2007). In human skin, the CBD103 homolog has cutaneous defence functions well
beyond coloration (April & Barsh 2006, 2007; Kadekaro & Abdel-Malek 2007). These results expand
the functional role of B-defensins, a protein family previously implicated in innate immunity, and
identify an additional class of ligands for eumelanic signaling through melanocortin receptors.

Subtle gray (Sut, Slc7at1)

The new name of this locus does not fit in the heading above. It is Slc7a11, Solute carrier family
7 (cationic amino acid 9 transporter, y+ system), member 11.

MGl lists two phenotypic alleles, one of which is spontaneous.

Availability: JAX on the C3H and C57BL/ 6] backgrounds.

Homozygous mutant Slc7a11** mice show a reduction in pheomelanic but not eumelanic
pigment. In this respect the phenotype is similar to phenotypes of mice with mild mutations at the
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Figure 5.23 A pheomelanic Subtle gray mouse on the left and a comparable yellow
mouse that is not mutant at the Sutlocus.

Tyr (Albino) locus. The A%/ a, sut/ sut (Lethal yellow, Subtle gray) mouse shown in Figure 5.23 appears
very similar to mice of the same inbred strain that are A¥/a Tyr®®*/ Tyr“®" (Lethal yellow, Chinchilla).
Yellow mice are much reduced in pigmentation except for the normally eumelanic tips of their
hairs. No other obvious similarities exist between the two loci. The protein encoded at Sut is a cell
membrane transporter of cystine. Cystine is necessary to the melanocyte for normal production of
pheomelanin (Chintala et al. 2005; Sato et al. 2005). Sut is also expressed in the brain (Burdo et al.
2006; Liu et al. 2007) and in neutrophils (Sakakura et al. 2007).

Other loci that influence pheomelanogenesis

Other loci that have been reported to reduce pheomelanic pigmentation include Gray lethal and
Grizzled (Silvers 1979); see also the Appendix in Chapter 1. Further study of such loci will no doubt
enhance our understanding of the switch mechanism.

5.6.1 Summary

The modulation of phenotypes in mice containing various combinations of mutant gene loci
permitted pigment geneticists to devise a functional pathway that accurately summarized the
eumelanin/pheomelanin switch mechanism and has been confirmed, with occasionally surprising
nuances, through application of newer molecular and cellular technologies. Because of the mul-
tiple genetic and environmental influences on the switch mechanism, and its exquisite sensitivity
to these influences, the phenotypes of inbred mice carrying various combinations of mutant
genes continue to provide useful input into these processes. The availability of congenic inbred
strains carrying the different pigment mutants makes possible our observation of the functional
relationships among these different gene loci that influence the same process. In the case of the
eumelanin/pheomelanin switch mechanism, this includes many of the loci discussed throughout
this book.
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Figure 5.24 Silvered langur with infant. Photograph courtesy of Brenda Bradley (Bradley
& Mundy 2008).
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Figure 6.1 Left: a C57BL/6J control mouse; right: a bcat* genetically engineered mouse
(Delmas et al. 2007).






Novel Mouse Pigmentary Mutants Generated
by Genetic Manipulation

6.1 Introduction

The production and development of genetic mouse models began a hundred years ago with the
identification of spontaneous mutations within mouse colonies. Among the mutations isolated in
the various mouse colonies, coat-color mutations have been studied particularly extensively
because they are easily detectable and attractive. Many coat-color mutants in mouse colonies iso-
lated spontaneously or after chemical or radiation treatment have been described by Silvers (1979).
Work with these classical coat-color mutant mice and newer mutants that have been selected or cre-
ated has led to the identification of numerous loci and genes controlling the pigmentation system
(1360 genotypes with pigmentation phenotype; see www.informatics.jax.org/javawi2/servlet/
WIFetch?page=mpAnnotSummary&id=MP:0001186). The functions of these genetic determin-
ants of the pigmentation system have been studied extensively in the mutant mice and in
melanocytes, the pigment cells of the skin. The current list of affected loci is given in the Appendix
to Chapter 1 and also at www.espcr.org/ micemut/ (Montoliu et al. 2009).

The visible and viable phenotypes of mouse coat-color mutants have permitted the collection of
a unique repertoire of factors that are important to various aspects of pigment cell biology.
However, there are clear limitations to the isolation and characterization of the genes involved in
genetic disorders by techniques termed ‘reverse genetics’ or forward genetics’ (from phenotype to
gene identification). First, the characterization of the genes involved in a phenotype is not neces-
sarily straightforward: half of coat-color mutants have still not been fully characterized at the mole-
cular level. Second, spontaneous mutations are relatively infrequent events. The occurrence of
mutations of biomedical interest is extremely rare; and even then, this approach only allows the
identification of single-gene disorders.

The development of transgenic technology in the early 1980s has facilitated the generation of
new mouse mutants that affect specific gene loci. Furthermore, genetically engineered mice can be
used to study the effects of genetic alterations that are not likely to occur naturally.

The Colors of Mice: A Model Genetic Network, 1st edition. By M. Lynn Lamoreux, Véronique Delmas, Lionel Larue, and
Dorothy C. Bennett. Published 2010 by Blackwell Publishing Ltd.
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Biological and biomedical research today have access to the complete gene sequence of the
mouse. The next challenge is to understand the relationship between the gene sequences and
the functions of the genes we have identified. This effort, originally referred to as physiological
genetics, and more recently as phenomics, is foundational to the genotype—phenotype relationships
discussed throughout this book. With continuously expanding databases of sequenced genes,
the laboratory mouse has become an increasingly important tool for generating data about the
functions of genes in vivo and in tissues and cells of mutant mice.

The mouse has emerged as the animal of choice for in vivo experimentation for several reasons:

o the transgenic technology is relatively easy;
e colonies are straightforward to establish and maintain; and
e there is extensive genetic homology between mice and humans.

For the past 25 years, researchers have used transgenic mice to help understand the basic mech-
anisms associated with inherited human and animal disorders. From these experiments, new coat-
color mutants have emerged. Some were expected from our understanding of the pigmentary
system, but others were more surprising. The use of genetically modified mice is beginning to yield
answers to long-standing questions in the field concerning the development and homeostasis of
melanocytes and the relationships between the pigmentary system and other systems of the body.
The aim of this chapter is to provide a framework of information about transgenic mouse method-
ologies that can be applied to the pigmentary system, including pronucleus injection, homologous
recombination using embryonic stem (ES) cells, and conditional mutagenesis, and to describe the
new coat-color mutants they have generated.

6.2 Mouse transgenesis: generation of genetically engineered mice

The production of the first transgenic mice was preceded by several technological and scientific
advances, including increasing knowledge of the mouse reproductive system, the ability to culture
early mouse embryos in vitro, the development of embryo micromanipulation, and the substantial
progress in molecular biology technology. All these experimental tools and techniques have been
necessary for engineering genetic modifications in the mouse. The first transgenic mice were
obtained almost simultaneously in the laboratories of Brinster and Palmiter, and of Mintz prior to
the Costantini and Ruddle laboratories (Palmiter & Brinster 1986). In 1982, Mintz and colleagues
reported transgenic mice that were able to transmit injected human B-globin gene sequences
to their progeny (Steward et al. 1982). The same year, the first transgenic mouse with a clear
phenotype was generated; it ectopically expressed growth hormone which led to dramatic growth
of the animal (Palmiter et al. 1982). These mice were created by injecting DNA into the pronucleus
of one-cell mouse embryos. The technique has proved immensely useful for creating mouse
mutants for research purposes. The next advance in genetically engineered mice technology,
homologous recombination technology, made it possible to target genetic changes to specific
gene loci and earned the 2007 Nobel Prize in Physiology or Medicine for Mario Capecchi, Martin
Evans, and Oliver Smithies. This gene-targeting technique has revolutionized the study of
mammalian biology and allowed the creation of animal models for hundreds of human diseases. In
particular, for example, mouse models of human cancers have been obtained. Below we describe
pronuclear injection, homologous recombination using ES cells, and related technologies that are
used in transgenesis.
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Figure 6.2 Schematic representation for producing transgenic mice. Single-cell eggs are
obtained from day 1 pregnant females. The transgene of interest is injected into pronuclei
of the eggs, visualized by the swelling of the pronuclei. The transgene integrates at random
into the genome. The developing embryos are transferred to the oviduct of a pseudo-
pregnant mother. After normal development of the embryos, newborn pups are screened
for a potential integration of the transgene. The photo inset shows an egg held at the end
of a holding pipette by suction; the injection needle containing the transgene solution is
located to the right of the egg.

6.2.1 Pronucleus injection

The first method developed to generate transgenic mice was microinjection of cloned DNA into the
pronuclei of fertilized mouse eggs in vitro. The DNA injected by this method is stably integrated
into the mouse genome, including that of the germ line. The eggs are then transferred into the
oviducts of a pseudo-pregnant foster mother, where they develop normally to birth and are capable
of transmitting the foreign DNA to the next generation. The advantage of this technique is that
there is no practical limit on the size of DNA fragment used; indeed, there is no apparent correlation
between the efficiency of integration and the length of the DNA used. The transgenic construct
(thatis, the DNA injected into the egg) is generally designed to contain a specific promoter, the gene
of interest, and a polyadenylation signal.

A schematic overview illustrating the basic methodology for generating transgenic mice is shown
in Figure 6.2. The transgenic DNA usually inserts randomly as head to tail concatamers of variable
lengths at a single integration site. Most often, this results in the expression of the foreign (injected)
DNA in the developing mouse. It can also lead to the disruption of a host gene at the site of inser-
tion. Note that all individual founder mice obtained after injection of the same genetic material are
different: the foreign DNA will be inserted into the genome at different sites, and as different-length
concatamers. Consequently, several transgenic founders are required to validate a phenotype as being
associated with expression of a transgene. Mice that develop from injected eggs are called founders,
and these animals can be used to establish a transgenic line by mating with normal mice and select-
ing the affected progeny in the F, or F, generation. The pronuclear injection technology and the
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efficiency have not changed substantially over the years. There remain some problems and limita-
tions. In particular, it is not possible to control either the number of copies of the transgene
integrated following injection of the eggs or the site of transgene integration into the genome.

One crucial issue in transgenic technology is how to obtain the desired level of expression of a
particular transgene. Transgene expression is influenced by the transcriptional regulatory elements
within the cassette (the DNA fragment injected) and the site of integration; transgene copy number
seems to have little effect on the level of transcription. The transcriptional regulatory elements may
include the gene’s promoter (the few hundred base pairs 5” of the structural gene), its enhancer(s)
(which may normally be found a few thousand base pairs away, 5" or 3" of the gene or in an intron),
and distal elements (normally found even further away), inclusion of which may confer position-
independence to expression from the cassette.

One example of such distal elements is the tyrosinase distal regulatory element (DRE) located at
—15 kb to the transcription start site. It acts as a melanocyte-specific enhancer and also protects against
spreading of condensed chromatin (Ganss et al. 1994; Porter & Meyer 1994; Giménez & Montoliu
2001). This DRE behaves differently in the two different pigment cell lineages; that is, neural crest-
derived pigment cells compared with retinal pigment epithelium (RPE) cells that originate from the
neural tube. The DRE is fully active in melanocytes that are developmentally of neural crest origin,
but is only weakly active in the RPE, which originates from the neural tube (Camacho-Hubner &
Beermann 2001; Murisier & Beermann 2006). Another distal element, located at —47 kb, has been
identified recently (Murisier et al. 2007) and is required for appropriate spatial and temporal expres-
sion of tyrosinase in the RPE. No DRE has been found upstream from the Dct (also known as Trp2)
gene: a minimal promoter of 3.2 kb is sufficient for both melanocyte- and RPE-specific expression
(Murisier & Beermann 2006; Murisier et al. 2008). However, the Dct promoter is not always active in
transgenic mice, suggesting that it is sensitive to the site of integration into the mouse genome.
Therefore, the transcription regulatory elements most commonly used to drive transgene expres-
sion in melanocytes and their precursor, melanoblasts, are from the Tyrosinase locus.

Transgenic mouse technology can be used to evaluate the functions of specific gene products
in vivo. Transgenic mice can also be used for studying transcriptional regulatory elements as was
the case for the tyrosinase gene family, namely Tyrosinase (Tyr), Tyrosinase-related protein 1 (Tyrpl),
and Dopachrome tautomerase (Dct) (Murisier & Beermann 2006).

More recently, a new technology has been developed to diminish the expression of particular
endogenous genes in a specific manner, namely by microinjection of short hairpin RNA (shRNA)
into mouse eggs. This approach will undoubtedly become widely used to downregulate gene
expression without the need to use homologous recombination.

The generation of transgenic mice by pronucleus injection, or additive transgenesis, involves
addition of genetic material into the mouse genome in which the endogenous gene is still present.
Other strategies use gene replacement, or targeted transgenesis, where an engineered complementary
DNA (cDNA) replaces the endogenous gene. This strategy is now favored because the engineered
cDNA can be integrated into the mouse genome at a precise and defined location, at the appropriate
site with respect to its natural surrounding sequences; furthermore, the effect of the mutation
introduced into the coding region can be analyzed without the expression of the wild-type allele.

6.2.2 Homologous recombination
A major advantage of gene-targeting approaches over transgenic techniques is that they involve

homologous recombination in ES cells in cell culture (Fig. 6.3): this allows the site of integration to
be determined and the genetic change to be introduced in a predetermined and accurate way. The
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Figure 6.3 Generation of mutant mice using homologous recombination in embryonic
stem (ES) cells. ES cells are pluripotent cells derived from the inner cell mass of the
blastocyst. The inner cell mass gives rise to the embryo proper and a part of the placenta.
A targeting vector can be electroporated into ES cells and in vitro selection is carried out
to isolate recombined ES cell clones in which the foreign DNA construct has properly
recombined with the homologous gene. These ES cells are microinjected into a recipient
blastocyst, which is transferred into the uterus of a pseudo-pregnant recipient mother.

ES cells contribute to all tissues and chimeric (allophonic) mice are generated. Coat color
(usually agouti or albino) is used to identify successful germline transmission. Only one
locus is targeted in the cell, and the mutated gene is transmitted in 50% of the progeny.
The generated mutation is detected by standard molecular biology approaches (PCR or
Southern blot analysis). Heterozygous mice are intercrossed to produce homozygous
descendants.

establishment of totipotent/pluripotent ES cell lines from mouse embryos in 1981 has led to a new
direction in transgenic technology (Martin 1981; Kaufman et al. 1983). ES cells allow genetic mani-
pulation and modification in vitro using standard molecular and cellular techniques, thereby avoiding
the problem of capturing and injecting individual oocytes, which is the main limitation of pro-
nucleus injection.

ES cells

ES cells derived from preimplantation embryos are totipotent: that is, they have the unique capacity
to contribute to all of the tissues that make up the adult animal from which they were derived. ES
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cells can be maintained in vitro as totipotent cells and may rapidly become multipotent in culture.
The totipotent/multipotent capacity of ES cells can be exploited for the creation of transgenic
animals. ES cells injected into a embryo at the blastocyst stage can colonize all embryo tissues
including the germ line, thus giving rise to chimeric offspring that have tissues from the original
embryo mixed with tissues from the ES cell. If, for example, the ES cell line becomes part of
the testes and gives rise to sperm cells, then the chimeric mouse can be mated and genes from the
ES cells will be transmitted to the next generation.

Studies in the 1980s, particularly in the laboratories of Smithies and Capecchi, demonstrated that
mammalian cells have the enzymatic apparatus necessary for recombination between incoming
DNA and the homologous sequence in the genome (Capecchi 1989; Bronson & Smithies 1994).
Nevertheless, such homologous recombination is less frequent than random integration of the
same DNA. Consequently, targeted vectors carrying a desired mutation can be used to transfect
ES cells and cells in which there were homologous recombination events can be isolated. Today,
hundreds of genes have been inactivated in this manner (gene knockouts, as described below) and
the corresponding mutant mice have been created (see www.jax.org/).

Targeted constructs

Targeting constructs designed for homologous recombination in ES cells are generally complex.
A basic gene-targeting construct consists of a core region containing the desired genetic struc-
ture and a positive selection cassette (conferring resistance to antibiotics, typically neomycin or
hygromycin). This core is flanked by two regions of absolute sequence identity with the targeted
region (homology arms) required for homologous recombination. ES cells can be transfected with
the targeting construct by most of the gene transfer methods. However, to introduce a limited
number of copies, electroporation is widely and commonly used. Clonal transgenic ES cell lines
that carry the transgene in the genome can then be selected by exploiting the selection markers.
As homologous recombination in ES cells is a rare event relative to random integration of DNA, strat-
egies to enrich for recombined ES cell clones have been developed. Many of these enrichment strat-
egies make use of negative selection markers such as the Herpes simplex virus type 1 thymidine kinase
(Hsv-tk) gene or the Diphtheria toxin chain-coding region (Dt-a). These elements are inserted into the
targeting construct outside the homology region. ES cell clones with the desired homologous
recombination will not contain these negative selection markers, because nonhomologous flanking
sequences (those not between the pair of homology arms) will be eliminated prior to homologous
integration. By contrast, most randomly integrated targeting constructs still retain the negative
selection marker, thus permitting counter-selection against randomly integrated clones. These
selected cells are then injected into the inner cell mass of a blastocyst embryo and replicate as a
normal component of the developing embryo. The resulting new mice will consist of cells and
tissues from both the normal embryo and the genetically modified ES cells. These chimeric
offspring are then mated to determine whether the mutation is transmissible in the germline.

Generation of chimeric mice: the use of coat color

There are two main techniques to create chimeric mice from ES cells: (1) microinjection into early-
stage embryos or (2) co-culture aggregation. Briefly, microinjection involves the placement of
a small number of ES cells into either a morula or blastocyst stage embryo and then transferring
the injected embryo to the uterus of a pseudo-pregnant surrogate mother. The injected embryos
are allowed to go to term, resulting in the birth of a variable proportion of chimeric offspring.
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Co-culture aggregation involves the removal of the zona pellucida from morula stage embryos and
then placing the embryos on a lawn of ES cells. The ES cells aggregate with the embryos and
the embryo/ES-cell aggregates are removed and cultured overnight to the blastocyst stage. In both
cases, the blastocysts are then transferred to the uterus of a pseudo-pregnant mother, resulting in
the birth of a variable number of chimeric offspring. The ES cells contribute to the formation of a
chimeric mouse, composed of cells from a recipient blastocyst and ES-cell-derived cells. So that the
chimeric offspring can be easily identified by their colors, the ES cells and recipient blastocysts or
morulae are derived from mice with distinguishable coat-color alleles (often strain 129/Sv; which
are agouti, and C57BL/ 6, which are nonagouti black).

Chimeras are bred with wild-type mice to assess germline transmission of the ES cell genome by
observing coat color and targeted mutations by molecular techniques (PCR, Southern-blot ana-
lysis). The chimeric mice obtained by either technique are then used as founder animals to generate
new transgenic animal lines. The extent of the contribution of ES cells to the formation of the chimeric
mouse can be evaluated by visual assessment of coat-color chimerism (extent of, say, agouti hair
from 129/Sv-derived ES cells in the nonagouti black coat of C57BL/6). Although the coat-color
patterns of allophenic (generally termed chimeric) mice do not necessarily reflect the relative
proportions of each strain in the other organs, they are widely used as an indication of the overall
contribution of the ES cells to the germ line. Thus, the generation of chimeric mice by aggregation
of morulae from lines of different coat color is a convenient tool for transgenic experiments.

However, experiments of this type as early as the late 1960s allowed B. Mintz to make fundamen-
tal and significant observations about the development of melanocytes: chimeric mice displayed
broad transverse bands of color, with each side of the mouse being patterned independently. These
phenotypes were interpreted as reflecting the migratory history of melanoblasts during develop-
ment. By assessing the patterns of many chimeric coats, Mintz proposed the existence of small num-
bers of melanoblast progenitors, each of which generates a discrete unilateral transverse band of
color (Mintz 1967). Mintz’s study, discussed extensively by Silvers (1979), and reviewed in Chapter 3
of this volume, was the first lineage analysis of mouse pigmentation and proposed the existence of
about 34 founder melanoblasts arranged in two longitudinal mid-dorsal chains of 17 each. Several
groups suggested that this number is probably underestimated and described the extensive mixing
at the boundaries of the transverse bands. A recent and elegant lineage analysis by I. Jackson’s group
suggested that the number of founder melanoblasts is indeed much larger and that it should be
measured directly in the embryo and not estimated from an adult chimera coat-color pattern
(Wilkie et al. 2002). Analysis of the coat-color patterns of transgenic mice generated by targeting
melanoblast development at a series of times during development would undoubtedly bring light
to this important issue.

6.2.3 Conditional mutations

Conventional knockout and transgenic experiments have provided substantial insight into gene
function. However, limitations intrinsic to conventional gene-targeting and transgenic approaches
have become apparent. Examples of these limitations include embryonic-lethal knockout pheno-
types, which cause death of the developing embryo, highly complicated cumulative phenotypes
that result from some mutant genes and involve multiple tissues, and cytotoxic effects in response
to novel patterns of gene expression. For many research aims, it may be necessary to analyze the
function of a gene within a particular developmental window or cell lineage. To overcome some
of the limitations and to control gene expression or extinction of gene function in a precise spatial
and temporal fashion, more sophisticated conditional mouse models have been developed. These
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permit expression of mutant genes at specific times and/ or in specific tissues during development.
They can be used to avoid embryonic lethality, preventing unwanted pleiotropic side effects. In
particular, the use of site-specific recombinases of the Cre and Flp integrase family have opened
exciting new possibilities for creating conditional loss- or gain-of-function mouse models (Sauer
1998; Babinet & Cohen-Tannoudji 2001).

The Cre/LoxP system

Site-specific recombinases are enzymes that promote recombination of DNA through recognition
of specific short nucleotide sequences of the chromosomes. Two recombinases have been used for
constructing mouse mutants: Cre recombinase is an enzyme found in bacteriophage P1, a prokary-
otic organism. Cre recombinase recognizes LoxP sites. Flp is a recombinase that was originally
found in Saccharomyces cerevisae, a one-celled yeast organism, and recognizes FRT sites. Both LoxP
and FRT sites are 34 bp-long specific sequences of nucleotides that consist of an 8 bp core region
flanked by palindromic sequences of 13 bp. Thus, their recognition sequences are large enough that
they are not expected to occur by chance in the mammalian genome. Depending on the orientation
of pairs of these LoxP or Flp recognition sites, the recombinases catalyse excision (same orientation)
or inversion (opposite orientation) of the DNA segments between them. Cre- and Flp-induced
changes include sequence excision, duplication, integration, inversion, and chromosomal trans-
location. Both recombinases work equally well in ES cells. However, the Cre/LoxP system has
been far more widely used and will be described in more detail in this chapter, particularly as
concerns its use in knockout strategies (Sauer & Henderson 1988; Dymecki 1996; Garcia-Otin &
Guillou 2006).

Conditional knockouts were developed in the laboratory of Klaus Rajewsky by combining ES cell
technology with Cre recombinase methodology (Rajewsky et al. 1996). Genes are conditionally
targeted by crossing two strains of transgenic mice. The first strain of mice is generated by
homologous recombination in ES cells. These mice are normal except that the gene under study is
flanked on both sides by extra DNA that is the specific sequence known as LoxP (a gene that is
flanked by LoxP sequences is called ‘floxed’). The gene will function normally because normal mice
do not express the Cre recombinase enzyme that would affect the floxed sequences. The second
strain of transgenic mice does contain the Cre recombinase gene and the gene transcription is
controlled by a cell-type-specific promoter.

When mice of the floxed strain and mice of the specially designed recombinase strain are mated
together, the offspring contain both the floxed gene and the recombinase gene. Because the recom-
binase gene has been designed with specific regulatory elements, it will produce the enzyme at
a time in development when those regulatory elements normally begin to function. For example,
if the recombinase gene has been designed with a promoter from the Tyrosinase locus, then the
recombinase gene would ‘turn on’ only in pigment cells, and would recognize the floxed DNA in
the pigment cells. This is known as conditional targeting because the gene is ‘targeted’ to be
mutated (in this example) only in pigment cells.

Two points must be respected for optimal conditional targeting strategies: (1) the floxed strain
should not have any mutant phenotype, and (2) the expression of Cre in the transgenic mice must be
tightly controlled such that it is expressed only in particular cells. To create floxed mice with no
mutant phenotype, it is necessary to introduce recombinase-recognition sites around an essential
part of the gene of interest without compromising its function. Technically, it is difficult to flank the
entire coding region with LoxP sites. Therefore an essential exon is often targeted by introducing
LoxP into intronic sequences. The LoxP sites should be carefully positioned in the targeted locus
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and should not interfere with regulatory elements. The expression of the gene must be normal until
itis induced by the Cre enzyme to change. Several techniques are available to accomplish this goal.

The tissue specificity of Cre expression is dependent on the transcriptional elements used in the
cassette and on the site of insertion of the transgene into the mouse genome (see section 6.2.1).
Position effects can lead to mosaicism of transgene expression in the target tissue and also to un-
expected expression in other tissues: either the cells in which there is recombination express Cre
transgene or Cre is expressed in the cells of the lineage leading to it. An extreme example illustrating
this difficulty is the platelet endothelial cell adhesion molecule-1 (PECAM-1) promoter which was
initially described to be active mainly in endothelial cells but when used to drive Cre expression
recombined the floxed allele ubiquitously (Terry et al. 1997). In this case, Cre was, unexpectedly,
expressed very early in development, resulting in the transmission of the deleted allele to most
cells of the embryo. To control the window of Cre expression better and to exogenously induce
Cre activity only when desired, inducible systems have been developed.

One common inducible system involves the use of steroid receptors. Sequences encoding Cre
proteins have been fused to those encoding ligand-binding domains of steroid receptors, a mutated
ligand-binding domain of the human estrogen receptor being most often used. Consequently, the
Cre activity of the resulting fusion protein is hormone dependent and LoxP sites only recombine
after administration of the appropriate hormone (tamoxifen in the case of the mutated estrogen
receptor). This strategy allows the spatiotemporal control of gene modification and it has been
developed for the analysis of pigment cell lineages (Bosenberg et al. 2006; Yajima et al. 2006).

Cre-transgenic lines designed to target pigment cells

To induce specific recombination in pigment cells, several lines of transgenic mice expressing Cre
have been generated. Each of them has strengths and weaknesses and they should be used for what
they are good at. One of the main challenges to this type of experimental biology is to find, among
the various available tools, the best approach to answering to the biological question asked with the
varjous tools available. The major limitations are mosaics, and the lack and/ or ectopic expression of
Cre in the mice (Montoliu et al. 2004). Four promoters have been used to target pigment cells, and
they are those of the genes encoding TYRP1, DCT, microphthalmia-associated transcription factor
(MITF), and tyrosinase (TYR).

Cre can either be inserted next to the normal genomic promoter using homologous recombin-
ation, in which case it disrupts expression of a copy of the normal gene, or it can be attached to an
extra copy of the chosen promoter and inserted randomly by classical transgenesis.

The first Cre line generated to target pigment cells used the TYRP1 promoter as transcriptional
elements to drive Cre expression in a transgene construct inserted randomly into the genome
(Tyrpl::Cre) (Mori et al. 2002). This line induces efficient Cre-mediated excision of DNA selectively
in the RPE but also in the ciliary margin of the retina and in some cells in the neural retina, but not
(or very rarely) in neural crest-derived melanocytes in skin, choroid, and hair bulbs.

Expression of Cre driven by the DCT promoter has been achieved both by pronucleus injection
(using a exogenous DCT promoter; Dct::Cre) and by homologous recombination by the insertion
of Cre coding sequences into the normal Dct locus (Dct™!®Be) (Guyonneau et al. 2002, 2004).
In these mice, Cre expression is found in RPE cells, melanoblasts, and melanocytes, and in the
telencephalon (all of these sites reflecting endogenous DCT expression), but unexpectedly, also in
dorsal root ganglia and caudal nerves. To detect the pattern of Cre activity, two independent lines
of reporter mice were used: R26R (also called Rosa26R), constructed by P. Soriano, and the Z/EG
mouse produced by C. Lobe, expressing LacZ or green fluorescent protein (GFP), respectively, after
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recombination (Lobe et al. 1999; Soriano 1999). Surprisingly, these reporter lines do not reveal
exactly the same pattern of expression. LacZ reporter gene activity is seen in the presumptive RPE,
in migrating melanoblasts, telencephalon, and caudal nerves and dorsal root ganglia, whereas there
is no GFP reporter expression in the last two of these sites. This observation highlights an essential
aspect of genetic recombination using the Cre/LoxP system: LoxP-targeted different loci do not
always recombine with the same efficiency or in the same target cells with the same Cre-expressing
mouse. Epigenetic regulation of the genomic conformation at an given locus may account for this
diversity of recombination efficiency. Therefore, the pattern of recombination with the locus of
interest must be analyzed not only with reporter constructs, because such constructs can display
particular features. Other explanations are that LacZ staining may generate more artefacts
compared to the GFP fluorescent signal or that the endogenous Rosa26 promoter is more active
than the chicken B-actin promoter present in the Z/EG construct.

When Cre was targeted into the Dct locus (Dct™!®Be¢) the pattern of LacZ staining after crossing
with the R26R line was similar to that obtained with transgenic Cre, and melanoblasts/cytes and
RPE were clearly labeled. Here again, the efficiency of recombination appears to vary according to the
targeted locus. Targeting the Rosa26 locus using the Dct™! (B¢ moyse line resulted in a relatively
low and variable efficiency of recombination with only a few hair follicles stained in the adult mice.
Targeting the Pten locus seemed more efficient, with recombination in 75% of the melanocytes
isolated (Inoue-Narita et al. 2008). Interestingly the Dct™!“®Be¢.knockin mouse line has been
successful in targeting melanocyte stem cells (Osawa et al. 2005; Wong et al. 2006; Aoki et al. 2009).

When Cre recombinase was placed under the control of regulatory elements from Mitf-M using a
bacterial artificial chromosome, recombination could be detected in melanoblasts or melanocytes
(Alizadeh et al. 2008). In this case, two of nine founder mice exhibited patterns of X-gal (LacZ) stain-
ing characteristic of melanocyte lineage cells after crossing with the R26R strain, and there was no
ectopic expression (outside the melanocyte lineage). A detailed characterization of embryonic
expression of the Mitf::Cre transgene has not been performed, but preliminary experiments sug-
gested that the intensity of staining and the number of stained cells were both lower than what has
been described for the Dct::LacZ during development. Therefore, considering Dct::LacZ/ ® mice as
the standard for the detection of the number of melanoblasts during development, the Mitf::Cre/+
display a certain degree of mosaicism. However, after crossing Mitf::Cre/+ with R26R/+ mice,
all hair follicles analyzed exhibited X-gal staining on P10 (day 10 after birth) indicating a generally
better efficiency for targeting melanocytes than can be obtained with Dct::Cre mice. Another
difference between the Mitf::Cre/+ mice and the Dct::Cre/ ° mice was that Cre was not expressed
in the RPE of the Mitf::Cre/+ mice.

The regulatory elements of mouse tyrosinase have been used to drive Cre expression in a consti-
tutive (Delmas et al. 2003; Tonks et al. 2003) or inducible (Bosenberg et al. 2006; Yajima et al. 2006)
manner in pigment cells. Robust expression is detected in melanoblasts or melanocytes without
apparent mosaicism (Delmas et al. 2003). Tyr::Cre mice produce Cre recombinase in melanocytes
and in many embryonic tissues that normally express tyrosinase but also in the brain and peripheral
nerves.

A recent cell lineage tracing experiment revealed that the transcriptional elements of tyrosinase
used in this transgenic line are active in a subset of vagal neural crest cells, targeting genes much earl-
ier during development than expected (Puig et al. 2009). The targeted cells are a subset of smooth
muscle cell precursors forming the ductus arteriosus and neuronal precursors associated with the
intestine. The artificial combination of proximal and distal regulatory elements of the Tyrosinase
locus used in these constructs may result in unexpected expression of Cre recombinase at ectopic
sites or in temporal misregulation during development. In contrast, one can use Tyr::Cre-ERt2/°



CHAPTER 6 NOVEL MOUSE PIGMENTARY MUTANTS GENERATED BY GENETIC MANIPULATION 219

inducible expression, where Cre is physically attached to an estrogen receptor, which makes it non-
functional until an estrogen is added, when the conformation changes. This is highly specific for
melanoblasts/cytes. In these mice, Cre activity can be induced by giving tamoxifen to the pregnant
mother at the desired time of mouse development. Like Mitf::Cre/+ mice, no X-gal-stained cells
have been observed in the RPE of the developing eyes. The correct dose of tamoxifen must be used
for optimal induction of Cre-ERt2-mediated recombination. Yajima et al. (2006) proposed that a sin-
gle injection of 2 mg of tamoxifen/40 g of body weight at embryonic day (E) 10.5 leads to detectable
blue staining of melanoblasts, but the number of stained cells did not reach the maximum observed
with Dct::LacZ/° mice. Induced recombination can be performed after birth by tamoxifen injec-
tion or topical application directly to the skin, but this approach is associated with the problem of
accessibility of the stem cells. Note that among the inducible systems, Cre-ERt2 shows the most
stringent control of uninduced recombinase activity (Yajima et al. 2006). Further work will provide
more details about the efficiency of recombination using this approach, and can be expected to
open new avenues of research, in particular concerning melanocyte development, homeostasis,
and oncogenesis.

In conclusion, several lines of Cre mice have been generated using different transcriptional ele-
ments to target recombination in pigment cells and they constitute an extremely valuable set of
tools for following cell lineages and examining gene function in melanocytes at various times dur-
ing development and in the adult. Some of them can be used also to target RPE. It is important to
remember that ectopic expression of Cre detected with one mouse reporter is not necessarily
detected with another reporter or in the conditional floxed mouse of interest. Ectopic Cre expres-
sion can be deleterious or have no influence on the subsequent interpretation of the phenotype.
At this point there is no ‘perfect” Cre driver: all of them are useful, but each has its own specific
limitations. In principle, there is almost no restriction to the experiments that can be designed
and performed using this system, although the number of melanoblasts produced during develop-
ment is limited and may therefore be difficult to analyze at the molecular level in the engineered
mutant mice.

6.3 Coat-color transgenic mice

Transgenic mice have been generated by the microinjection of cDNA or bacterial artificial chromo-
some (or BAC) clones into mouse eggs, leading to the modification of coat-color phenotype. Such
mice express the transgene in either melanocytes or keratinocytes, depending on the transcrip-
tional regulatory element used in the construct. This clearly illustrates how genetic effects on
melanocyte development and function may not be cell-autonomous, depending upon the specific
gene locus, and that they can be highly dependent on the surrounding context. Table 6.1 lists trans-
genic mice with coat-color phenotypes already obtained. These phenotypes can be divided into
three categories: hypopigmentation (Chapters 3 and 4), hyperpigmentation, and pigment-type
switching (Chapter 5). Each category can be subdivided according to the stability of the phenotype
observed (whether there are changes with time or during the life of the animals). If the phenotype is
apparent within the first week after birth, a defect during embryonic development can be envisaged
(as in white spotting, discussed in Chapter 3). If the phenotype changes with time, a melanocyte
follicular stem cell defect is more likely, as in ‘fading with age” discussed in Chapter 3. Here, we will
consider in particular mouse mutants generated by transgenesis or gene targeting which display
a visible coat-color mutant phenotype. We will not consider mutants which are embryonic lethal
or which present an induced phenotype (either by chemical induction or targeting). In addition, we
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will not address mutants which present abnormal hair follicles which can lead to pigmentary abnor-
malities not due to melanocyte dysfunction or location but rather to disorganization of the whole
skin structure. We also exclude mutants which have a coat-color phenotype generated by DNA
insertions without clear characterization of the contribution of the gene altered in the phenotype
observed.

6.3.1 Transgenic mice generated with melanocyte targeting

The rescue of a Tyrosinase-locus null mutation in the mouse by the expression of a functional
Tyrosinase gene introduced by transgenic technology clearly opened new possibilities for research
into pigmentation (Beermann et al. 1990). First, it demonstrated that the C (Tyrosinase, Tyr) locus
encodes the structural gene for tyrosinase and not a regulator for tyrosinase expression. Second, the
expression of the minigene introduced is apparently restricted to melanocytes, which suggested the
possibility of using the regulatory elements of the Tyrosinase gene to drive transgene expression
specifically in this cell type (Beermann et al. 1992). Constructs involving the tyrosinase promoter
driving the SV40 early region oncogenic sequences have been generated and used to show that this
promoter was not entirely specific for melanocytes: tumors developed both in cells producing and
those not producing melanin. The specificity of the various promoters used to target pigment cells
is discussed previously (see the section ‘Cre-transgenic lines designed to target pigment cells’
above). Interestingly, these transgenic mice expressing SV40 displayed hypopigmentation. The
authors suggested that this hypopigmentation resulted from diminished differentiation of
melanized pigment granules in the melanocytes of the hair bulbs in vivo. These transgenic mice
were the precursors of a series of mice designed to transform melanocytes into melanomas by
expressing various oncogenes (see the recent review; Larue & Beermann 2007). These experiments
highlighted the oncogenic roles of the G-protein-coupled receptor GRM1, of Hras and Nras, and the
WNT/B-catenin signaling pathway. Hyperpigmentation was observed with Tyr::H-Ras"!2,
Tyr:N-Ras®'¥, and Tyr::B-RAFV6"E mice (these are oncogenic mutant alles found in cancers)
(Chin et al. 1997; Ackermann et al. 2005; Goel et al. 2009). In contrast, hypopigmentation was
observed with activation of the WNT'/B-catenin pathway, although again an oncogenic mutant
allele was used (Delmas et al. 2007). Thus, these transgenic mice obtained with transgenes express-
ing candidate oncogenes for melanoma were extremely useful for demonstrating the causality of
these genes in melanomagenesis. However, the molecular and cellular mechanisms responsible for
their coat-color phenotype remain to be fully characterized.

6.3.2 Transgenic mice that target cells other than melanocytes

Numerous factors have been suggested to be produced by keratinocytes or fibroblasts and to
regulate the differentiation and proliferation of mammalian melanocytes in vitro. These include
hepatocyte growth factor (HGF), nerve growth factor (NGF), stem cell factor/KIT ligand (SCE,
KITL), endothelins 1 and 3 (EDN1, EDN3), a-melanocyte-stimulating hormone (a-MSH), and
basic fibroblast growth factor (bFGE, FGF2). Several transgenic mice overexpressing various
keratinocyte-derived factors in keratinocytes have been generated to evaluate the significance and
function of these factors in vivo. Kunisada and coworkers use the epidermis-specific cytokeratin K14
promoter to deliver the hepatocyte growth factor in epidermis. Genes for this growth factor and
its receptor MET are not among the loci that affect coat color of mice, as assessed by the analysis of
natural or chemically induced mouse mutants. However, two observations suggest that the
HGF/MET signaling pathway may stimulate melanocyte growth in vivo.
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First, HGF is produced in the developing skin, and second transgenic mice expressing HGF
under the ubiquitously expressed metallothionein promoter (MT1) show dermal and epidermal
hyperpigmentation (Takayama et al. 1996). The phenotype of the MT1::RET mouse suggest that
this promoter may give highest expression in melanocytes. Transgenic mice expressing HGF under
the control of the cytokeratin K14 promoter (active throughout life in the basal layer of the epi-
dermis) showed increased numbers of melanoblasts during development followed by an explosive
increase in the mature melanocyte count at birth (Kunisada et al. 2000). Despite the expression of
the growth factor in the epidermis, these abnormally abundant melanocytes were restricted to the
dermis. Transgenic HGF suppressed the expression of adhesive molecules, including E-cadherin,
that may be required for the penetration of melanocytes into the epidermis.

Transgenic mice have been obtained expressing a constitutively active form of the tyrosine kinase
receptor RET (receptor for glial-derived neutrophic factor, GDNF), encoded by a transgene consist-
ing of a fusion between a ring finger protein (Rfp) gene and Ret under the transcriptional control of
the metallothionein promoter. These transgenic mice showed hyperpigmented skin and developed
melanocytic tumors (Iwamoto et al. 1991). It was proposed that RET expression confers a growth
advantage to melanocytes.

Transgenic mice targeting the KIT/KITL signaling pathway were also generated, although
numerous natural mutants exist. In mice, KITL is expressed transiently in the mesenchyme under-
lying skin during development, then in epidermis during late embryonic development (Chapter 3),
and from soon after birth is confined to the dermal papillae of hair follicles where melanoblasts
mature into melanocytes. Transgenic mice producing KITL under the regulatory sequences of
human cytokeratin K14 have been generated. The production of KITL in basal epidermal ker-
atinocytes increases the number of interfollicular melanocytes present after birth and reproduces
the phenotype of human cutaneous mastocytosis (Kunisada et al. 1998a, 1998b). These mice thus
differ from wild-type mice, which present a reduction in the number of interfollicular melanocytes
after birth; indicating that the survival/proliferation of melanocyte precursors was extended by
locally produced KITL. Interestingly, melanocyte stem cells independent of the KIT signal, which
are present only in the hair follicles of normal mice, were maintained in the epidermis of these
transgenic mice. There are several isoforms of KITL in both mice and humans due to alternative
splicing of transcripts; one of these isoforms is a membrane-associated protein of 220 amino acids
that lacks the proteolytic cleavage site of the full-length KITL. Transgenic mice expressing the
human SCF220 isoform (which cannot be cleaved in murine cells) have coat-color deficiencies
(Majumdar et al. 1996). This phenotype mimics heterozygous W/+ mice, probably due to occupancy
of murine KIT by human KITL and less than optimal activation of the receptor. Alternatively, since
the human KITL was expressed from a human phosphoglycerate kinase (PGK) promoter, likely to
be ubiquitously active, many embryonic melanoblasts may migrate to incorrect sites, rather than
the epidermis where they are normally attracted by KITL in late development (Chapter 3). Thus,
the expression of normal membrane-associated KITL in transgenic mice mimics a codominant
mutation of Kit.

Mice expressing EDN3 have been produced using the K14 and K5 promoters (Kurita et al. 2005;
Garcia et al. 2008). Edn3 encodes a ligand important for neural crest cell development but the full
details of its involvement during melanoblast development have not been fully characterized. In situ
hybridization suggests that EDN3 is expressed between E8.0 and E15.0 in the mesenchymal cells
that surround the melanocyte pathway during mouse development but its contribution during all
developmental stages has not been demonstrated. Mice expressing Edn3 under the control of K14
and an inducible K5 promoter display hyperpigmented skin (Kurita et al. 2005; Garcia et al. 2008).
Using the inducible system for the production of EDN3 at different times during development, Kos
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and colleagues demonstrated that EDN3 needs to be present at E10.5 for the generation of the dark-
skin phenotype and that it is also required to maintain an extensive population of dermal
melanocytes after birth. Transgenic K5::Edn3 mice that are also genetically yellow (4Y/a) show
marked darkening of the coat compared to littermates, suggesting unexpectedly that excessive
EDN3 signaling can also modify pigment-type switching (Garcia et al. 2008).

Transgenic mice expressing FOXN1, a transcription factor mutated in nude mice, under the tran-
scriptional control of the K5 promoter exhibit ectopic pigmentation and abnormally abundant epi-
dermal melanocytes similar to what has been observed in SCF transgenic mice (Weiner et al. 2007).
It was suggested that pigmentation patterns reflected the distribution of FOXN1 in the skin. This
led to a new idea — which remains to be proved — that epithelial cells use FOXN1 to recruit
melanocytes and induce their own pigmentation. FOXN1 may thus define a distinct cell population
that controls the targeting of pigment in the skin.

As part of the work to characterize genes involved in the growth, survival, and differentiation of
melanocytes, transgenic mice have been obtained that improve our understanding of pigment pro-
duction and regulation in melanocytes. For example, transgenic mice were generated to identify
the signal controlling the production of the two types of melanin pigments, eumelanin and
pheomelanin. Eumelanin synthesis is stimulated in melanocytes by activation of the o-MSH recep-
tor, melanocortin 1 receptor (MC1R). Loss of function of MC1R or production of agouti protein
results in pheomelanin production (Robbins et al. 1993; Ollmann et al. 1998). Despite the large
number of mutant alleles available, molecular characterization of Nonagouti gene mutations has
shed little light on the major functional elements of the agouti protein. By introducing new muta-
tions by site-directed mutagenesis followed by generation of transgenic mouse lines, several labora-
tories have made progress in the analysis of the function of the agouti protein and its pulse
production during hair cycle; in particular, they have found that it acts in a paracrine manner (Millar
etal. 1995; Perry et al. 1995; Kucera et al. 1996). The study of the Nonagouti gene is a good example
of how transgenic technology can bring additional information concerning the function of genes
and the characterization of important domains within the encoded protein. Subsequently, the
group of I. Jackson demonstrated that a mouse bacterial artificial chromosome which contains
MC1R efficiently rescued loss of MC1R in transgenic mice and that its overexpression suppresses the
effect of the endogenous inverse agonist, agouti protein (see Chapter 5) (Healy et al. 2001).

Much of the currently available information about all these phenotypes could not have been
obtained without the use of transgenic mice that have allowed the visualization of melanoblasts
during development (Mackenzie et al. 1997). These transgenic mouse lines, carrying the LacZ
reporter under the control of the DCT promoter, allow the detection of individual melanoblasts as
early as E10.5. Also, a knockin of the Kit locus by LacZ has been used to mark melanoblasts during
development (Bernex et al. 1996).

These various approaches certainly help elucidate the function of diverse genes and also the rela-
tion between sequence data and the phenotypes arising from alleles of genes known to be involved
in pigmentation. The genotype—phenotype correlations emerging from these studies provide a
complementary source of information to that obtained with natural and induced mutants.

The work with mice also complements and is complemented by studies of melanocytes in vitro.
As stated previously, an important limitation in the analysis of melanocytes in vivo is the limited
number of melanocytes present in the mouse skin and therefore the difficulty of isolating them for
the purposes of cell biology and biochemistry. It is possible to culture melanocytes that are isolated
from newborn skin explants. However, the establishment of melanocyte cell lines is a tedious task
unless an Ink4a-Arf-null background is used to prevent cell senescence (Sviderskaya et al. 2002), a
technical advance that also resulted from the development of transgenic mice of the appropriate
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genotype. Melanocyte cell lines obtained from mice that are mutant at specific color loci and also
are null for Ink4a-Arfhave been used to evaluate functions of numerous pigmentation loci (Suzuki
et al. 2002; Gwynn et al. 2004; Chintala et al. 2005; Theos et al. 2005b, 2006; Wasmeier et al. 2006;
Setty et al. 2008; Hida et al. 2009).

6.4 The coat-color mutants generated by gene targeting

Natural or induced coat-color mutants constitute a unique resource for studying molecules
involved in pigmentation. Work with these mutants has revealed the involvement of hundreds of
genes in the development and the homing of pigment cells. Recent advances in transgenic and gene-
targeting technologies in mice make it possible now to manipulate the expression of these and other
genes to study their roles in pigment cells in vivo. About 40 targeted mouse mutations that present a
clear coat-color mutant phenotype have been generated to date (see Table 6.2).

6.4.1 New alleles of coat-color genes

In many cases, particular amino acids have been identified (for example, at sites of phosphorylation,
ubiquitination, or others) as being important for the function of key proteins involved in the
specification, the development, and the function of the melanocytes. For an in vivo assessment of
amino acids that were so identified in vitro, new mutants were needed. Mutations of biomedical
interest arise spontaneously only extremely rarely in mouse colonies, and therefore genetically
engineered mice have been generated that carry mutations in these amino acids. Examples of such
mutants are the Kit™!B¢", Kit"™2B¢r and Kit™?B¢" mice, which can be used to study the roles of the
tyrosine residues at positions 567 and 569 in the juxtamembrane region of the KIT receptor tyrosine
kinase (Kimura et al. 2004). Using Cre technology, mice were generated in which tyrosine residues
567 and 569 in exon 11 of Kit were mutated alone (or in combination) to phenylalanine (Kit™!®e,
Kit™2Ber Kit™3Ber contain Y567F, Y569F, and both Y567F and Y569F mutations respectively). This
work demonstrated that these two tyrosine residues, acting in concert, are essential for melanogen-
esis and mast cell development. Mutations in these residues diminish receptor autophosphorylation
and attenuate activation of mitogen-activated protein (MAP) kinase signaling. However, these
residues are not essential for the normal development of other cells including erythroid and intersti-
tial cells of Cajal, and germ cells, tissues that also require KIT for their development, indicating a
cell-type-specific role. This example illustrates how engineered mutations in a receptor tyrosine
kinase can be used to understand the complex molecular events involved in the cell-specific activa-
tion of such receptors.

Another example of this approach to genotype—phenotype analysis is the Mitf ™!2A™h mouse line
generated by the group of H. Arnheiter (Bismuth et al. 2008). The mutant was used to test the role
of phosphorylation at serine 73 in exon 2 of MITE This serine is phosphorylated after the activation
of the MAP kinase pathway by KITL. None of the existing Mitfalleles (more than 30) was informa-
tive about this issue, so a novel mouse with a Ser73-to-Ala (§73A) mutation in Mitf'was generated by
gene targeting (Mitf™!2A™h) By chance, an allele in which the wild-type Mitf sequence was dupli-
cated and inserted into an otherwise correctly targeted Mitf gene was obtained (Mitf ™!A™P) These
mice display a patchwork coat with white or gray coat color, depending on the presence or absence
of the neomycin resistance cassette used in the constructions (Mitf tm1Arnh ) fipftml.1AmbY Revertants
that lacked the duplicated wild-type sequence but retained the targeted codon were obtained and
revealed that the serine-to-alanine mutation is not deleterious for melanocyte development
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(Mitf'm1-2Amh) These novel Mitf mutants thus revealed the role of serine 73 in vivo, the influence of
the neomycin resistance cassette in the phenotype generated, and a system of reversion of an un-
stable targeted allele of Mitfwith the highest spontaneous reversion rates in mammals. Note that with-
out the rigorous and detailed molecular analysis of the Mitf™!4™h a]lele performed by the group of
Arnheiter, incorrect conclusions could have been made about the role of this serine in MITF during
development of the melanocyte lineage. This example also illustrates the importance of this type of
approach for dissecting the in vivo roles of the multiple signaling pathways present in melanocytes
and indicates that a phosphorylation site identified as crucial in vitro can be not so critical in vivo.

Another type of mutant has been designed to inactivate known coat-color genes at various times
during development. Work with natural mutants of the Endothelin receptor B (Ednrb) locus estab-
lished clearly that this protein is required for the development of melanocytes but the specific time
at which it is required was not known. New mutant mice were generated in which the endogenous
Ednrb locus is under the control of the tetracycline-dependent transactivators tTa or rtTA (an
inducible system described in Prosser & Rastan 2003). Using this system, the group of S. Tilghman
showed that EDNRB is required for melanoblast development during a restricted period, between
E10 and E12.5 (Shin et al. 1999). Other knockins of known coat-color genes have been generated:
they involve replacing the gene of interest with either a marker to trace the melanocyte cell lineage
(Bernex et al. 1996) or a member of the same family, like Sox10 with Sox8 (Kellerer et al. 2006).

Pro-opiomelanocortin (POMC), its derived peptide o-MSH, and the a-MSH receptor MC1R, regu-
late the eumelanin/pheomelanin switch in mice. Numerous questions about the molecular mech-
anism underling this process remain unanswered (see above and Chapter 5). Several knockouts have
been generated targeting genes of the POMC/a-MSH/MCIR axis and its downstream signaling.
POMC-derived peptides and more specifically the pro-opiomelanocortin-o have been knocked out
and the corresponding mouse lines obtained: Pomc™?2V* and the Pomc , respectively ( Yaswen
et al. 1999; Challis et al. 2004). Surprisingly, these mice, on a mixed, 129-based agouti background,
have yellowish coats compared to the wild-type littermates but are not completely yellow. Thus, in
the mouse, the lack of the ligand (POMC) does not result in a phenotype congruent with the lack or
antagonism of MCI1R; this suggests the existence of other ligands for this melanocortin receptor.
Alternatively, the receptor may have a ligand-independent constitutive activity. To analyse this
axis and the signaling associated with it in more detail, the Cre/LoxP system was used to mutate the
catalytic a-subunit of protein kinase A (PKA) to cause constitutive activation of PKA in melanocytes
(Alizadeh et al. 2008). This kinase is the classical effector for MC1R; MCI1R couples to adenylate
cyclase through G, in melanocytes. The group of G. Barsh used this model to demonstrate that
constitutive activation of PKA in an agouti background leads to a darker coat and also to darker
skin. The range of coat-color darkening varied from umbrous (black dorsum and dark agouti
flanks) to a nonagouti phenotype in which pheomelanin pigmentation was replaced by eumelanin.
Thus, the activation of PKA promotes synthesis of eumelanin instead of pheomelanin. cAMP does
appear to be a key second messenger for pigment-type switching towards eumelanin, but not all the
target molecules have yet been identified (see also Chapter 3), and a cAMP-independent pathway
also appears necessary for agouti signal protein (ASP) signaling of pheomelanogenesis (Hida et al.
2009). Moreover, there is some evidence for melanogenic effects of cAMP that are independent of
PKA (Khaled et al. 2002). This type of in vivo approach could be used to determine the specific roles
of POMC and PKA in the balance between eumelanin and pheomelanin synthesis.

Transgenic technology has been used to elucidate the differences between human and mouse
genes within this pathway. A good example is the Melanocortin receptor (Mc1r) gene and its sensitivity
and requirement for the agonist o-MSH. Signaling by mouse MCIR is largely ligand-independent
in vivo, as deletions of POMC, the precursor of o-MSH, have little effect on eumelanin synthesis

tm1Sora
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(see above and Chapter 5). In contrast, most humans that lack POMC have red hair, suggesting that
human MCI1R requires o-MSH to signal. Jackson and collaborators generated transgenic mouse
model in which coat pigmentation is mediated solely by the human MCIR: they integrated the
human MC1R into the genome of Mc1r-mutant mice (Recessive yellow, Mc1r® homozygous) ( Jackson
et al. 2007). They found that the human receptor is more sensitive than the mouse MC1R to
exogenous ligand and demonstrated that the difference lies in the receptor itself rather than in the
signaling of mouse melanocytes.

6.4.2 New pigmentation loci identified

The Notch signaling pathway regulates various processes including cell proliferation, cell-fate deci-
sions, differentiation, and stem cell maintenance. Several members of the Notch signaling pathway
are expressed in melanocytes and seem to be upregulated during oncogenic transformation (Hoek
etal. 2004). Jagged2, one of the Notch ligands, is expressed in the basal layer of keratinocytes. These
various findings suggested that Notch signaling is functional in melanocytes (Moriyama et al. 2006).
To investigate the involvement of Notch signaling in melanocytes, several groups constructed
mouse mutants. Conditional deletion of Notch’s partner in the nucleus, the recombination binding
protein-] (RBP-Jk), in melanocytes causes elimination of melanoblasts and melanocyte stem cells of
the epidermis (Moriyama et al. 2006). Additional experiments suggested that Notch/RBP-J path-
way signaling via HES1 plays a critical role in the maintenance of melanoblasts by preventing apop-
tosis (Moriyama et al. 2006). Using the same conditional RBP-Jk construct and the same Tyr::Cre
inducer mice, another study showed that Notch signaling plays a role both in maintaining the
immature status of melanoblasts (Aubin-Houzelstein et al. 2008), and in melanoblasts and
melanocytes being appropriately located in the outer root sheath and in the hair matrix, respec-
tively. Ablation of Notch1 and Notch2 receptors using the same Tyr::Cre mice induced hair graying
(Schouwey et al. 2007). The number of DCT-expressing cells was not affected during embryonic
stages, but melanocytes located within the hair matrix progressively disappeared during the first
regeneration of the hair follicle. Interestingly, the severity of the phenotype depended on the dose of
the two receptors. Dermal and choroidal melanocytes were unaffected in Notch1 and Notch2 double
mutants, suggesting that Notch signaling is required only for epidermal melanocytes (Schouwey
etal. 2007), or only for epidermal melanocyte stem cells as discussed in Chapter 3.

The transcription factor activating protein AP2o was long suspected to be important in neural
crest cells, and the construction of null mutants genetically confirmed this view (Brewer et al. 2004).
However, the involvement of AP2o. in mouse pigmentation could not be directly addressed because
AP20-null mutant mice did not survive beyond birth. AP2a was therefore conditionally inactivated
using the Wnt-1::Cre transgene; the resulting mutant mice displayed white patches of variable size
on the belly and on the tail, and white paws (Brewer et al. 2004). This phenotype suggested a
deficiency in the number of melanoblasts and/or a migratory defect (see Fig. 3.16). The enteric
nervous system appeared to be unaffected, so it was concluded that AP2a: mutants can be classified
in the same category as Kit and Mitf mutants (melanocyte lineage-specific within the neural crest)
rather than in the category containing Pax3, Sox10, Edn3, and Ednrb mutants (other neural crest cells
also affected).

The significance of the anti-apoptotic molecule BCL2 in mouse coat color was revealed by the
hair-graying phenotype of mice with homozygous Bcl2-null mutations (Veis et al. 1993; Kamada
et al. 1995) (see section 3.4.7). The Bclz-null mice are born pigmented but become white (or less
pigmented, depending upon the background genome) from the onset of the first hair cycle.
Nishikawa’s group further demonstrated that there is a complete absence of melanocyte stem cells
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in these mice and that the melanocytes populating hair bulbs in the first hair cycle are not derived
from melanocyte stem cells (Mak et al. 2006).

Transgenic mice designed to target the melanocyte lineage have only recently been constructed,
and the number of new mutants will undoubtedly increase substantially in the near future. Even at
this early stage of progress in the field, new actors in pigmentation have been identified and
described.

6.5 Influence of the genetic background

An important point to consider when generating and analyzing mouse mutations is the issue of
genetic background, which can have both subtle and profound effects on phenotype. The first deci-
sion to be made when generating genetically engineered mice is the strain to be used as donor of
eggs. There is a limited choice of strains for pronuclear injection and certain strains or combinations
of strains produce more robust eggs for this purpose. In any case, genes must be introduced into a
defined genetic background so that phenotype can be compared with controls that have the same
genetic background. Therefore, inbred mice should be used for transgenesis.

An inbred strain is defined as one that has been maintained for 20 or more generations of brother-
to-sister mating and is essentially homologous at all genetic loci. One of the first inbred strains was
DBA (named according to the mutant pigmentary loci, Dilute (D, Myo5A), Brown (B, Tyrp1), and
Nonagouti (A) that it carries) and another was C57 (derived from the female 57 from the Granby
mouse farm). The inbred strain most widely used for microinjection is C57BL/6. However, inbred
mice are generally poor reproducers and when the genetic background is not critical, microinjec-
tions are performed with F zygotes derived by crossing different inbred strains. For example, mice
of the following inbred strains may be crossed to produce F hybrids C57BL/6]J, CBA/J, C3H/He],
and DBA/2J. With further interbreeding, however, beyond the F, generation, the offspring will
become mixed and variable and will no longer provide uniform genetic controls for evaluating the
transgenic mice.

Most mouse ES cells used for gene targeting are derived from the strain 129/Sv although
C57BL/6 is the reference strain for most biomedical research, and in particular for that in the pig-
mentation field. Therefore, to compare the transgenic mouse with normal mice of the same genetic
background it is necessary to backcross the transgenic mutation on to the preferred background.
Backcrossing involves mating the mutant mouse to an inbred mouse of the appropriate inbred
strain and selecting the offspring that carry the mutation to repeat the process. After 10 generations
of backcross breeding, the resulting congenic strain is 99.9% similar to the reference inbred strain,
except for the chromosomal region harboring the targeted (transgenic) gene; this region can
encompass up to 300 genes that will be those of the starting strain.

The alternative to 129/Sv ES cells is C57BL/6 ES cell lines but their reliability has to be further
demonstrated. A comparison between the performances of 129/Sv ES cells (CJ7) and a C57BL/6-ES
cell line (BRUCE4) shows that 129/Sv ES cells are more efficient for chimera generation, but that
C57BL/6-ES cells would have better germline transmission (Seong et al. 2004). Moreover, it appears
that ES cells derived from F, 129/Sv X 129/0la blastocysts are stable in cell culture to allow an
efficient germline transmission. In the future, genetically engineered mice will be certainly more
often generated with C57BL/6-ES particularly for work in which genetic background and fertility
are important factors.

It is critical for the interpretation of any knockout and transgenic genotype to determine
whether the observed phenotypic difference is the consequence of the targeted mutation or is the
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result of background genetic variation. Unfortunately, for the technical reasons described above,
the first genetically engineered mice were generated in hybrid strains; consequently, many
published phenotypes are from genetically mixed backgrounds and are not always compared to
appropriate controls with a genetically similar background. More effort and rigor must be used in
analyzing phenotypes arising from genetic manipulation and researchers should not forget that the
consequences of a single genetic modification can be strongly influenced by other genes. For ex-
ample, among pigmentary mutants, the strong effect of the background genome on the observed
phenotype is well illustrated by the Nonagouti locus that is discussed in Chapter 5. Background can
similarly affect phenotypes at any level, including cell biology, where it may be important to medical
applications.

The health status of the animal colony is also an important factor to consider when analyzing the
phenotype of genetically engineered mice. Many environmental factors can influence expression
of transgenes or ordinary mutations, although this issue is often underestimated or ignored. For
example, reports in the literature have attributed skin disease to mutation at Faded (Fe; Chapter 4).
However, in M.L. Lamoreux’s hands, Fe was backcrossed on to C57BL/6]J and no skin problems
were observed. It is always difficult to determine exactly the contribution of environmental events
in transgene-influenced phenotypic traits. It is as important to control the environmental para-
meters as the genetic variables. When possible, genetically engineered mice should be produced
and analyzed in specific-pathogen-free (SPF) animal colonies. In addition, temperature, humidity,
light cycle, and air supply should also be tightly controlled to ensure valid and reproducible results.

6.6 Conclusions

A revolution is under way concerning the generation of genetically engineered mice carrying new
genetic traits. Since the production of chimeric mice in the 1970s followed by the development of
successful pronuclear injection techniques in the early 1980s and then that of embryonic ES cell
lines leading to the production of the first knockouts in the late 1980s, many new mutants have been
created. Methods involving the recombination of huge portions of different genomes by nuclear
transfer and transfer of chromosomal material have been developed but are currently less often
used. It is difficult to predict how much we will learn in the pigmentation field from all these
mutants.
New coat-color mutants have been generated mainly for four reasons:

1 the analysis of the relation between sequence data and the function of genes known to be
involved in pigmentation,
the discovery of the function of genes suspected to act in pigmented cell lineages,

3 the alteration of the timing and site of gene expression to identify the window of action of these
genes during development, and

4 the creation of mouse models for clinical pigmentary disorders and melanomas.

Numerous mouse models have been generated around the world but, unfortunately, many are still
under careful analysis and have not yet been published. New color mutants will emerge and they
will include mutants of gene products involved in general processes like cell signaling, cell cycle,
adhesion, and transcription, playing a specific role in melanocytes. They will also include mutants
of housekeeping-gene products that are necessary for all cell types. As we learn more about
the extent to which different developmental processes interact with each other, and under what
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conditions of genetic background, it will be increasingly difficult to determine whether or not
all genes with coat-, eye-, or skin-color phenotypes should be referred to as color genes. Many
developmental processes such as homing require the coordinate action of two or more genes,
so the combination of different genetically engineered mice may be required to obtain certain
phenotypes.

Following on from the new mutants generated with sophisticated transgenic and gene targeting
techniques, new methods of analysis will be developed and will create new research possibilities.
Until now, melanoblasts have been visualized during development using B-galactosidase as a marker
and this technique requires fixation of the tissue for analysis. More recently, GFP detection has been
used and this approach avoids the need for a substrate or indeed any pretreatment. A fusion gene
thatincludes DNA from the protein of interest and from GFP can be used and will provide a marker
in vivo to follow gene expression and real-time protein localization. The limitation is the sensitivity
of GFP detection. GFP detection and visualization in late embryos is currently not feasible. The
development of noninvasive techniques such as echography, positron emission tomography, or
biphoton will allow longitudinal studies in individual mice and will lead ultimately to better under-
stand dynamic developmental processes. These imaging technologies will allow accurate localiza-
tion of single cells within developing skin and promise to be very powerful for investigating
melanocyte stem cells.

In short, the use of modern technologies is now adding new parameters to the 100 year history of
the pigmentary system of the mouse as the premier model for our understanding of mammalian
genetics, and particularly for our understanding of the relationships between the function of the
gene and its effect upon the phenotype at all levels of organization. It began with the question “why
is the mutant yellow mouse yellow, and obese?’ (Cuénot 1902). For every answer to that and the
many other questions of pigmentary research we have discovered new questions thatlead us deeper
in our understanding of the nature of life itself.
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Other Species and Other Resources

Figure 7.1 A brindle cow, with a mutation at the Agoutilocus (Girardot et al. 2006).
Courtesy of the Britten Trust.

7.1 Introduction

Phenotypically, it has always been clear that the colors of mammals, birds, and other vertebrates
share common features, and the field of mouse pigmentation genetics has always benefitted from
species comparisons (for example Searle 1968). With the sequencing of the genomes and other
modern molecular and cell biological techniques (Chapter 6) direct comparisons are now possible
at all levels from the molecular to the phenotypic. Such studies have already strongly impacted
technologies that include medicine (Nordlund et al. 2006, with regard to pigmentation), agriculture

The Colors of Mice: A Model Genetic Network, 1st edition. By M. Lynn Lamoreux, Véronique Delmas, Lionel Larue, and
Dorothy C. Bennett. Published 2010 by Blackwell Publishing Ltd.
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(Womack 1987; Crouch 1990), and animal breeding. Perhaps the latter is best exemplified by a con-
versation with the rancher, owner of the above cow, who exclaimed in awestruck tones that he can
now pluck a few hairs from the tail of his calves, send them off to the university, and the results of
their evaluation will tell him which of his beef cattle will grow up to produce the most tender steaks.
If you want to breed for color of horses, cats, or dogs, similar information is available (see below). To
alarge extent, these new technologies are possible because of the science of genomics.

With the advent of modern molecular techniques and genome sequencing, quite a number of
species are now available to evaluate relationships between phenotypes and genotypes in comparison
with the basic information generated in inbred mice (Jackson et al. 2006). This includes primate
(Bradley & Mundy 2008), including Neanderthal (in 2008); dog (Schmutz et al. 2003; Newton et al.
2000); cat (O’Brien et al. 2008); mice of several species; cattle (Womack 2006); horses (Choudhary &
Raudsepp 2006); chickens (Andersson 2003; Burt 2006); fish (Logan et al. 2006; Postlethwait 2006;
Mitani et al. 2006; Morizot et al. 1991; Shima et al. 2003; Lamoreux et al. 2005; Cerda-Reverter et al.
2005; Kelsh et al. 2004; Delfgaauw et al. 2003); reptiles (Rosenblum et al. 2004; Matsumoto 2002);
red-footed boobies (Baido et al. 2007) and other birds (Mundy 2005); and even wooly mammoths
(Rompler et al. 2006) and other species (Gojobori et al. 2003).

The mouse and human genomes were the first sequenced and the new technologies are
now applied interactively to study human disease, as shown by the content of Online Mendelian
Inheritance in Man (OMIM; www.ncbi.nlm.nih.gov/) and Mouse Genome Informatics (MGI;
www.informatics.jax.org/), both of which refer to both human and murine research.

As genomic sequences from additional species become available for comparison, the differences
in phenotypic expression that we find among species with similar genotypes inform our under-
standing of gene functions and ontogenetic processes (Klungland & Vage 2003). More importantly,
phylogenetic similarities among the species, including primates (Bradley & Mundy 2008) and
extinct species (Lalueza-Fox et al. 2007; Rompler et al. 2006), are enhancing and confirming our
understanding of the process of evolution as one of the most important and powerful components
of the living ecosystem (Wayne 1993; Wayne & Ostrander 2007; D’Erchia et al. 1996; Frost-Mason
& Mason 2000; O’Brien et al. 1997, 1999; Eizirik et al. 2003; Murphy et al. 2004; Yu et al. 2008).

Clearly, we cannot discuss the broad contribution of pigmentation genetics in these varied
disciplines. However, we envision that comparative genetics will play a large role in the future of
pigmentation genetics (O’Brien et al. 1999). Therefore we will attempt to skim the surface, stressing
homologies among the species, with a primary goal to provide some key references and reliable
internet sources of information about pigmentation genetics. Your basic text on the subject of
comparative mammalian pigmentation genetics should be Searle (1968).

7.2 Resources

Another reason for including a section about other species, however brief it must be, is the ocean of
misinformation that is available on the worldwide web. With the advent of self-publishing we can
expect to see a yet greater increase in personal opinions presented as though they were facts. Of
course, for analytical evaluation of inter-species homologies it is important to use scientifically
accurate information based in reproducible data. Finding this information can be a problem, but
with the creative use of keywords, peer-reviewed papers published approximately within the last
20 years can be found at Pubmed (www.ncbi.nlm.nih.gov/pubmed).

We mention other sources below as a minimal starting point. Obviously there are many good
websites that we do not mention.
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7.2.1 The pigment cell societies

Studies of pigmentation genetics of course are not limited to the mouse. Members of pigment
cell societies study creatures from ascidians and amphioxus to mice and humans, and all of the
species mentioned below. The International Federation of Pigment Cell Societies also publishes the
premier journal on the subject of pigmentation research, Pigment Cell and Melanoma Research
(www.pigment.org/).

International Federation of Pigment Cell Societies www.ifpcs.org/
PanAmerican Society for Pigment Cell Research http://paspcr.med.umn.edu/
European Society for Pigment Cell Research WWW.espcr.org/
Japanese Society for Pigment Cell Research www.soc.nii.ac.jp/jspcer/
Asian Society for Pigment Cell Research WWW.aspcr.org/

Databases

Mouse Genome Informatics (MGI) is the central source for basic information about mutant mice.
MGI is maintained by The Jackson Laboratory ( JAX; www.informatics.jax.org/). The MGI website
lists the various subunits of MGI.

The Mouse Genome Database (MGD) includes data on gene characterization, nomenclature,
mapping, gene homologies among mammals, sequence links, phenotypes, allelic variants and
mutants, and strain data.

The Gene Expression Database (GXD) integrates different types of gene-expression information
from the mouse and provides a searchable index of published experiments on endogenous gene
expression during development.

The Mouse Tumor Biology (MTB) database project integrates data on the frequency, incidence,
genetics, and pathology of neoplastic disorders, emphasizing data on tumors that develop character-
istically in different genetically defined strains of mice.

The Gene Ontology (GO) project at MGI: the MGI group is a founding member of the Gene
Ontology Consortium (www.geneontology.org). MGI fully incorporates the GO project in the
database and provides a GO browser.

MouseCyc Project at MGI: the MouseCyc database focuses on Mus musculus metabolism and includes
cell-level processes such as biosynthesis, degradation, energy production, and detoxification. It is part
of the BioCyc (www.biocyc.org/) collection of pathway databases created at SRI International
(Stanford Research Institute). Pathway information in MouseCyc is integrated with MGI data.

The International Mouse Strain Resource (IMSR; www.findmice.org/) lists international facilities
that can provide resources (mice, frozen embryos or sperm, tissues, etc.). It can be accessed through
the MGI database or directly. Stocks that are available from the mouse strain resource institutions
are available only to qualified research institutions that have demonstrated (by inspection) that they
conform to Federal guidelines that define humane management and treatment of laboratory ani-
mals. Because of this requirement the stocks are not available to the general public.

The Mutant Mouse Regional Resource Centers (MMRRC) is mentioned in several figure legends
in earlier chapters of this volume. It is one of the institutions referenced in IMSR and MGI. MMRRC
preserves and maintains the unique mouse mutant stocks that were developed by M.L. Lamoreux
and which are pictured throughout this book.
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Important online databases available for other species are listed at www.ncbi.nlm.nih.gov/
Genomes/. This website provides links to relevant books, OMIM, and Pubmed, and a list of species
that are cloned and being cloned that ranges from moss to malaria and includes most of those
touched on below.

Breed associations sometimes provide good information. They are not authoritative sources of
scientific information because they are not peer-reviewed, but an exhibition sponsored by one of
these organizations is an excellent place to look at phenotypes. These are only a few of the North
American associations with websites. Similar organizations exist in other countries.

American Cavy Breeders’ Association www.acbaonline.com/
American Rabbit Breeders’ Association www.arba.net/

American Kennel Club www.akc.org/

American Dairy Goat Association www.adga.org/

Alpaca and Llama Show Association www.alsashow.net/index.html
American Livestock Breeds Conservancy www.albc-usa.org/

Another helpful website is that of the University of California at Davis Veterinary Genetics
Laboratory, www.vgl.ucdavis.edu/services/.

7.3 Other species
7.3.1 Rats, guinea pigs, and rabbits

Mice, rats, guinea pigs, and rabbits participated in the orgins of the science of pigmentary genetics
in Europe and the USA (prominently under W.E. Castle at the Bussey Institute, at the time a part
of Harvard University), where the newly appreciated Mendelian principles were applied to small
animals that were already domesticated and to a few other species. Somewhat later, The Jackson
Laboratory and other institutions began their important contributions to the genetics of mice,
other rodents, and lagomorphs, as well as dogs. During this time, just about 100 years ago, many
of the most obvious or most common pigmentary mutants were recognized and described (Green
et al. 1966). These we have termed the ‘classical pigmentary mutants,” and it is interesting to
observe their presence in other mammalian species and, in the case of the Albino and Microphthalmia
loci, in as primitive an organism as the ascidian (Yajima et al. 2003; Toyoda et al. 2004), although we
will not attempt to follow the evolutionary trail to its roots.

The early pigmentary scientists were soon joined by their students and compatriots who
began by unravelling the Mendelian genetics of the classical pigmentary mutants and soon
proceeded to study their functions. As well as developing an appreciation of the science, they
preserved the mutants that we use today. For only one example, W.E. Hollander recognized and
saved (in his garage when the colony was threatened) the Microphthalmia mutation that was, halfa
century later, used to clone the Mitflocus. Only rarely do we find such important contributions,
intellectual or otherwise, listed in the modern databases, and it is worthwhile to look at a few of the
first studies of pigmentation genetics; for example: Castle (1924), Castle and Allen (1903), Castle and
Little (1909, 1910), Cuénot (1902), Little (1911, 1913a, 1913b), Wright (1925, 1928), and Wright and
Chase (1936).

For more information about the early days of the science of pigmentary genetics we suggest the
following references: Searle (1968), Green (1966), Silvers (1979), and Nordlund et al. (2006).
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Figure 7.2 A series of guinea pigs, all of which are yellow with interacting modifying
genes. Photograph courtesy of Harry Claus.

Laboratory rat (Rattus norvegicus)

According to the National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov/)
the rat genome has been sequenced (Smits & Cuppen 2006a, 2006b; Dwinell et al. 2008).

Guinea Pig, commonly called the cavy (Cavia porcellus)

According to NCBI the guinea pig genome is in the process of being sequenced. A good descrip-
tion of this and several other species appears on Wikipedia (http://en.wikipedia.org/wiki/
Guinea_pig).

Figure 7.2 was provided by Harry Claus, breeder and judge of guinea pigs, who has written a
reliable little description of guinea pig genetics for fanciers that is based on his study of Sewell
Wright and others. For example, Wright (1925) described the interactions exemplified by these
cavies. The pamphlet by Claus is distributed by The American Cavy Breeders Association, 16540
Hogan Avenue, Hastings, MN 55033-9576, USA, c/o Lenore Gergen.

Guinea pigs and rabbits are the two known species with heritable, autosomal yellow /nonyellow
chimerism, referred to in the guinea pig as the Tortoiseshell allele and in the rabbit as the Japanese
allele at the Recessive yellow (Mc1t) locus, introduced in Chapter 3.

Rabbit (Oryctolagus cuniculus)

Rabbit genome sequencing is also apparently in process. After the early years of pigmentation
research, rabbits have been used extensively in ophthalmology, and have contributed to our under-
standing of albinism (Aigner et al. 2000; Jeffery 2001a, 2001b) (Fig. 7.3).

7.3.2  Carnivores

The dog and cat are the most popular pet animals, and they have also contributed a good deal to our

studies of pigmentation, in part because of the ways in which their pigmentation deviates from that
of the mouse.
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Figure 7.3 Hoppy McDaniel. A tricolor rabbit that has white spotting in addition to
autosomal chimerism. The white spotting does not appear to modify the pigment pattern,
as it does in the cat (Chapter 3).

Dog (Canis lupus familiaris)

The genome of the dog has been sequenced (NCBI; www.ncbi.nlm.nih.gov/genome/guide/dog/).
See also Switonski et al. (2004), Karlsson et al. (2007), and Ostrander et al. (2000). A useful website is
http://homepage.usask.ca/~schmutz/dogcolors.html.

Because quite a lot of breeding with close relatives has been done within some dog breeds,
interesting medical conditions have surfaced, along with a wide variety of color phenotypes. The
dog is thus a good model for those specific diseases and also for pigmentation. Dr C.C. Little’s early
analysis of canine pigmentation, The Inheritance of Coat Color in Dogs (Little 1957), was very helpful,
in spite of the fact that it contained a few hypotheses that were later proven to be inaccurate.

Recent reports more accurately describe canine pigmentation genetics: Schmutz et al. (2002),
Berryere etal. (2005), Philipp et al. (2005), and Schmutz and Berryere (2007). Another good source is
Ruvinsky and Sampson (2001), The Genetics of the Dog.
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Little’s introduction to our understanding of pigment-type switching in the dog was followed,
when the technology became available, by identification of the Recessive yellow gene of the dog at
the Mc1rlocus (Everts et al. 2000; Newton et al. 2000) and further evaluation of the components of
the eumelanin/pheomelanin switch in dogs (Schmutz et al. 2003; Berryerre et al. 2005; Kerns et al.
2003). This series of studies culminated in the important recent discovery of a new ligand of MC1R,
CBD103, the Canine -defensin 103 gene, as discussed in Chapter 5.

Another phenotype of dogs that was thought to be unique (Merle), is actually a unique manifestation
ataknown locus and contributed to our understanding of the Silver locus, as discussed in Chapter 4.

Cat (Felis catus)

Useful articles on the cat genome include Eizirik et al. (2003), O'Brien et al. (2008), and Schmidt-Kiintzel
etal. (2009). A useful website is http: //faculty.vetmed.ucdavis.edu/faculty /lalyons/Sites/ color.htm.

The cat, of course, has contributed to a major advance in our understanding of development, the
Lyon Hypothesis, which has long graduated from the status of hypothesis and is now generally
recognized as a normal developmental process in mammals (Lyon 1961). The resulting phenotypes
that involve the X-linked Orange locus are discussed in Chapter 3.

Cell-autonomous X-linked yellow has been identified only in cats and Syrian hamsters (Alizadeh
et al. 2009). In a recent and rather surprising study, it was found that the X-linked Orange (yellow)
feline gene may not be Mc1r (Recessive yellow) as some had postulated. The study of X-linked yellow
in the hamster (which is referred to as Sly) suggests that some factor in the pathway of Mc1r may be
the X-linked element in that species, and this might be informative of the situation in the cat as well.

Cat fanciers and scientists alike have long benefitted from Roy Robinson’s book, Genetics for Cat
Breeders (Robinson 1971; now Vella et al. 2003) with its careful analysis of feline Mendelian genetics.
When many other books, notably genetics textbooks, were claiming that ‘black’ was a sex-linked
gene, Robinson clearly and accurately defined the relationships among the three major loci that
function cooperatively in the cat to determine the three “primary’ colors of mammalian melanin
pigment. An unfortunate misrepresentation of this relationship has been explicitly and implicitly
perpetuated in the literature with the incorrect statement that Orange is dominant to Black in the
cat. This assumption has been rebutted by Lamoreux (1973), and by Miller and Hollander (1986),
who state: “There is general failure of the textbook authors to identify mutants by contrast with
wild-type standard, thus leading to the erroneous conclusion that black is sex-linked and allelic with
yellow.” However, it is difficult to undo inaccurate statements when they are published in textbooks.
Robinson also clearly reported that the tabby phenotype is not encoded at the Agouti locus, although
a cat must be agouti in order to fully express tabby. Confirming the Mendelian genetics, the Tabby
locus has been mapped (Lyons et al. 2006) and is not related to other known mammalian genes.

More recently, several of these loci have been identified in cats. The black versus brown decision
in the cat, as in the mouse, the dog, and most other species that have been studied, is encoded at
Tyrp1 (Lyons et al. 2005; Schmidt-Kiintzel et al. 2005). However, an additional mutant allele is avail-
able in the cat, originally named ‘red’ by breeders, in the Abyssinian breed, and called caramel when
it was imported to the USA from Britain by M.L. Lamoreux; the name was subsequently changed to
cinnamon (Schmidt-Kiintzel et al. 2005). This should not be confused with the standard use of the
term cinnamon to describe A/A b/b (Agouti, Brown) in cats, rabbits, and mice. Schmidt-Kiintzel et al.
(2005) also confirmed that the feline allelic Albino series includes “Siamese,” that would be equivalent
to Himalayan in mice, guinea pigs, and rabbits, as well as ‘Burmese” that may be specific to cats. The
Agoutilocus also is homologous among species in which it has been investigated.

Similar to the dog, and differing from the mouse, the cat ‘dilute’ mutation involves the
Melanophilin (Mlph) locus (Chapter 4) (Philipp et al. 2005).
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An apparently feline-specific locus is the I (Inhibitor) locus reported by Turner and Robinson
(1980). The phenotype resulting from dominant mutation at this locus in cats is very similar to the
recessive homozygous mutant phenotype of Chinchilla (an Albino-locus mutation) in mice (Fig. 4.5
shows an agouti cat that is mutant at I). Pheomelanic pigment is preferentially reduced in the
presence of these mutations. This phenotype in cats is known to fanciers as silver, but it is not
homologous to the murine Silver or Albino loci, and has been mapped to a unique location distinct
from any other known mammalian ‘hypopigmentation’ genes (Menotti-Raymond et al. 2009). It is
tempting to believe that this gene may have something important to tell us about the cellular
regulation of pheomelanogenesis (Chapter 5).

7.3.3 Hoofed mammals

Again, the animals most likely to provide information about genotype/phenotype interactions
in the pigmentary system are those that have been domesticated, as they are released from the
selective pressures that limit pigmentation phenotypes in wild aimals, and the people who develop
breeds of domestic animals generally enjoy the colors that surface, and keep them. In the cases of
swine, sheep, goats, llamas, and alpacas, the pigmentary phenotypes seem to complement and
confirm observations in the other species discussed above. However, to date the contribution of
these species to our basic understanding of pigmentation has not been extensive, perhaps in part
because the greater interest is in meat and fiber. However, see Sponenberg et al. (1988). It is interest-
ing that the difference between “white” and black sheep is apparently at the Agouti locus, suggesting
that an assemblage of modifing genes may have been selected over time to reduce pheomelanin in
the white sheep (Norris & Whan 2008).

Pigs have made a special contribution to studies of melanoma and vitiligo, as we discussed in
Chapter 3, and have helped to confirm the long-held theory that the immune system may be
involved in some kinds of vitiligo. White-spotted pigs fail to get melanoma, which is not surprising
as white spotting is the absence of pigment cells (Borovansky et al. 2005). More curious is the obser-
vation in the Sinclair breed of swine that ‘yellow’ pigs (which are probably actually agouti) do not
succumb to the melanoma nor the vitiligo that is very common in black pigs of this breed (Fig. 7.4).
Unfortunately this phenomenon has not been studied adequately.

Cattle

A useful website for the genetics of coat color in cattle is http://homepage.usask.ca/~schmutz/
colors.html. The colors of cattle seem to follow most of the basic parameters of pigmentation that
we have described for other mammalian species (Ibsen 1933; Lauvergne 1999; Searle 1968; Olson
1982, 1999; Adalsteinsson et al. 1995; Klungland et al. 1995; Joerg et al. 1996; Seitz et al. 1999;
Rouzaud et al. 2005; Berryere et al. 2003; Schmutz et al. 2004; Guibert et al. 2004), except that the
wild-type pattern of cattle (as of some other species, including horses) is associated primarily with
the distribution of pigmentation over the surface of the body, rather than the banding of the hairs as
in rodents and lagomorphs. The whiteness of the Charolais breed of cattle, found in several breeds
and crossbred cattle, is caused by mutation at Silver, as discussed in Chapter 4 (Fig. 4.13) (Kuhn &
Weikard 2007).

The promoter region of the bovine Agouti locus contains at least three alternative pro-
moters (Girardot et al. 2006). ‘Brindle’ is an unusual mutation affecting this complex promoter
region (Giraradot et al. 2005). In ‘brindle’ mutant cattle a transposable element in this promoter
region causes a eumelanin/pheomelanin chimerism that resembles Viable yellow in the mouse.
The cause of brindle in cattle and mice is different from the cause of a similar phenotype in



240 PART Il TECHNOLOGY AND RESOURCES

Figure 7.4 The adultis a ‘red’ Sinclair breed of pig, although she may actually be agouti.
The piglets do not belong to her and are not defined. The red Sinclairs purportedly do not
succumb to the melanoma that is characteristic of the breed, nor the vitiligo that is often
associated with the melanoma.

R .

Figure 7.5 A horse with low-level brindling. The breed of the horse is Choctaw Colonial
Spanish. Photograph courtesy of Phil Sponenberg (Sponenberg 2009).

dogs and humans (in humans they are called Blaschko stripes), and from ‘brindling’, which is very
rarely seen in horses (Figs 7.1 and 7.5). Thus, in this case, the value of species comparisons lies in the
fact that similar phenotypes seen in multiple species arose from different causes.

Horses

For information on the horse genome see Chowdhary and Raudsepp (2006). Horse breeders are
fortunate to have at least two books that are reliably accurate: Equine Color Genetics (Sponenberg
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2009), which focuses on pigmentation, with many pictures, and The Genetics of the Horse (Bowling &
Ravinsky 2000).

Brindle horses, in appearance quite like the cow in Figure 7.1, or with more or less brindling of
the darker and lighter colors (see Fig. 7.5), have been reported. Brindling in horses, however, is very
rare and seems not to be heritable. Very likely it is caused by accidental fusion of two early embryos
in utero.

The classical basic colors were found also in horses from the earliest reports of Castle and subsequent
reports of Sponenberg et al. (1988b), for example, and many reports in the popular literature. As in
cattle, the wild-type phenotype has more to do with distribution of eumelanin and pheomelanin
over the body than within individual hairs. In addition, and more recently, a number of modifying
genes have been identified in horses, which are quite well described at the website of the University
of California at Davis Veterinary Genetics Laboratory (www.vgl.ucdavis.edu/services/).

One of the earliest horse genes studied was Palomino (Castle & King 1951). The website of UC
Davis refers to this gene as ‘cream;’ it is homologous with Underwhite in the mouse, and therefore
the correct genetic designation is Matp (Mariat et al. 2003). Another gene that reduces intensity of
pigmentation is known as ‘champagne’ (Cook et al. 2008).

The unique contribution of the grey horse to our understanding of vitiligo is discussed in
Chapter 3. Although a locus for appaloosa has been mapped (Terry et al. 2004), the appaloosa
phenotype is such a complicated phenomenon that it must be polygenic, and the polygenes remain
to be defined.

7.3.4 Birds

For information on bird genomes, see www.genome.gov/11008054 (see also Burt et al. 1995; Burt
2006). The classic reference on genetics of the fowl is Hutt (1949). Birds, particularly chicken and
quail embryos, were the first model for study of the neural-crest derivation of melanocytes (Rawles
1940a, 1940b, 1948) and have continued an important component of pigment cell research (Le
Douarin 1982; Dupin & Le Douarin 2003). Birds have also contributed significantly to our under-
standing of vitiligo, as we discussed in Chapter 3. Vitiligo is a multifaceted affliction with complex
causation, and is therefore difficult to study in inbred mice. Better animal models for vitiligo have
been the pig, horse, and chicken (Boissy & Lamoreux 1988; Wang & Erf 2003, 2004; Wick et al.
2006), especially the Smyth chicken model (originally known as the DAM chicken) developed by
J-R. Smyth, Jr (Austin et al. 1992).

Beyond specific pigment cell function, we should not forget the multiple options provided by
feather structure to study structural colors and other pigments that do not occur in hairy species.
Irridescent colors, underlain by melanin and other sources of pigment, are found in parakeets
(budgerigars), parrots, pigeons and doves, and chickens. Thus the phenotypes of birds are more
varied than those of mammals. Enthusiastic groups of fanciers have studied and saved an impres-
sive array of pigmentation genotypes, sometimes assisted, officially or unofficially, by scientists.
The genetics of pigeon, chicken, and parakeet colors are well developed and understood within
the literature of fanciers. We could not begin to discuss the genotypes and phenotypes they have
saved and nurtured, except to say that homologies with the three ‘primary colors’ of melanin
pigment — that is, controls over the black/brown alternative and eumelanin/pheomelanin — exist
also in birds.

7.3.5 Fishand lower vertebrates

Information on fish genomes can be found at the following;:
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zebrafish http://zfin.org/zf_info/ztbook/ztbk html

platyfish http: //xiphophorus.org/xgsc.htm

medaka National Bioresource Project (NBRP), www.shigen.nig.ac.jp/medaka/
(Kinoshita et al. 2009)

Asis true of other vertebrate species, color variants of fish have been collected and maintained since
the early days of the science of genetics, and in the case of the Japanese medaka since long before
Mendel grew peas. The Tomita collection (Kelsh 2004; Kelsh et al. 2004; Lamoreux et al. 2005) of
the color variants of medaka has already demonstrated homologies with mammalian genetics,
as have zebrafish, a newer but more aggressively developed model (Postlethwait et al. 1998; Rawls
etal. 2003) and the platyfish/swordtail model of inherited melanoma.

Fishes, as well as reptiles and amphibians, have two important differences from mammals and
birds. First, their pigment cells can be be directly controlled by the nervous system, so that rapid color
changes are possible (Logan et al. 2006). Second, there are at least three additional types of chromo-
phores in these species. Each type of pigment cell produces pigment granules that are chemically
distinct. Thus, their yellow/red sorts of colors are most often not produced in melanocytes.

Reptiles and amphibians have made equally important contributions to the study of pigmenta-
tion, especially in the early years of embryology.

Clearly, the comparative genetics of pigmentation is as infinitely fascinating as life itself.

But we must end our story somewhere.

Figure 7.6 The cow and calf are of the Highland breed. The calf is homozygous for Silver,
its sire and dam are both heterozygous. Photograph courtesy of LEA-White Farms.
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Arnheiter, H. 224,227

Ash see Rab27a

Ashen see Rab27a

ASIP see Agouti

ASP see Agouti

Atox1 36

Atp7a (Mottled, Mo, Brindled, Dappled, Mosaic, Pewter,
Tortoiseshell, Viable brindled) 36, 154—5

Atp7b (tx, toxic milk) 36

Attractin (Atrn, Mahogany, Mg) 35,55, 182,188,193, 199,

203—-4

B see Tyrp1
background genome 182-3, 195, 229-30
bacterial artificial chromosome (BAC) 219
Banded (Kit"V?1) 119
banding patterns (hairs) 7, 185
Barsh, G. 227
Bclz (BCL2) 36,125-6,228
Beige see Lyst
belly spot phenotype 92
Belted see Adamts20
beta scaffold factors 87
Bf'see Vps33a
Bg see Lyst
bHLH/leucine zipper (LZ) 85
Biogenesis of lysosome-related organelles complex-1,
subunit 3 see Bloc1s3
birds 241
see also chicken
Black (as Tyrp1/Brown allele, B) see Tyrp1
black phenotypes 6, 141, 147,150-2, 182
see also Agouti; brown phenotypes; Tyrp1; CBD103
Black-and-tan see Agouti
BLOC (biogenesis of lysosome-related organelle
complex) proteins 166-71
BLOC1 155,160, 166-8, 167
BLOC2 160, 167, 168-9
BLOC3 160,167, 169
Bloc1s3 (Reduced pigmentation, Rp) 32,167, 168
BMP (bone morphogenetic protein) 64
BMP4 80
BMP receptor 1 subunits see Bmpria; Bmprib
signaling pathways 81-2
Bmpria 29
Bmprib 29
Brcal 23
breed associations 235
breeds 137

Brindled (mouse) see Atp7a
brindle cattle see cattle
Brinster, R.L.. 210
Brn2 (BRN2) 86,91
brown phenotypes 4-6, 5-6, 182
Brown see Tyrp1
Bst see Rpl24
Bt see Adamts20
Buff see Vps33a
burro 89

C see Tyrosinase
c-Kit see Kit
C3H strain 183, 184, 200-1
C57BL/6 strain 183, 229
C57BL/6] strain 184, 199, 2001, 200, 207
cadherins 76, 77—-8
E-cadherin (E-CDH, CDH1) 74, 222

calico phenotype 114-18, 117-18, 120, 131, 149-50, 172

calnexin 149
cAMP-response-element-binding protein (CREB)
family 85-6,97
CREB signaling 74, 75, 76, 83
cAMP signaling 75, 193, 194, 227
Canine B-defensin 103 see CBD103
canine cyclic hematopoiesis 165
Canis lupus familiaris see dog
Capecchi, Mario 210, 214
Cappuccino (Cno) 32,135,166, 167

see also BLOC1
casing model 190, 190
Casp3 37
Castle, W.E. 241
cat 238-9

Agouti 7

blue-cream 68

brown (chestnut, chocolate) x, 1,11, 138
calico 68,117,131,172

chestnut see cat, brown

chocolate see cat, brown

dilute (Mlph mutant) 1,11, 68,117,176
lavender 1,11

marmalade see cat, red

orange see cat, red

pheomelanic see cat, red

red (marmalade, orange, pheomelanic, yellow) 17,

138,176, 189
Siamese (Himalayan, Tyr mutant) 148
tabby 176, 188-9, 238

silver (‘Inhibitor’ locus) 137
tortoiseshell 1,68, 105, 107,117,173, 188
white-spotting 70, 117
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cat (cont’d)
X-linked yellow 238
yellow see cat, red
catagen 15
[-catenin (Cttnb1, B-CTTN) 74, 76, 768,91, 97, 122
transgenic mice 207, 220
Cattanach’s translocation 105, 109
cattle 239-40
brindle 56, 185, 187, 232, 239-40
Charolais breed 143, 144, 239
pheomelanic 5, 56
cavy see guinea pig
CBD103 (Canine f3-defensin 103, Dominant black, K) 19,
187,192,193, 204, 238
CCND1 74, 83
cell culture 14,18-19, 107, 191, 212-14, 2234
cell-surface receptors 72-3
seven-pass transmembrane receptors 73-9
single-pass transmembrane receptors 79-85
see also specific receptors; receptor tyrosine kinases
cellular signaling pathways 71-88, 74
basic mechanisms 72-3
downstream signaling 85-8
interactions among 88
seven-pass transmembrane receptors 73-9
single-pass transmembrane receptors 79-85
centers of origin of pigmentation 120
Chediak-Higashi syndrome 33, 135, 169-71
chestnut
cat (brown, Tyrp1 locus) x, 1,11, 138
horse (yellow, Mcirlocus) 47,178
chicken 91, 142
pheomelanic 5§
chimerism 105-26, 187
allophonic 106
calico 114-18,90, 117,120, 131, 149-50, 172, 188
not tortoiseshell 111,111
tortoiseshell 105-14
combined with white spotting 112-22
cat 68
calico 68,117,120, 131,172
tortoiseshell 1,68,106,107,117,172, 188
cattle, brindle 56, 185, 187, 232, 23940
dog 19, 106
brindle 9, 19,187
merle 49,142, 186, 189
guinea pig 90
mouse 102,109,110,111, 114,115,116, 118, 134,
148-50, 155, 198, 200
generation of by homologous recombination 214-15
rabbit 108, 105-11, 236, 237
Chinchilla see Tyrosinase
Chinchilla-mottled see Tyrosinase

chocolate
cat see cat, brown
mouse see Rab38
chordin 81
choroid 130
chromatocytes 12
chromatophores 12
chromatosomes 12
Claus, Harry 90
Cno see Cappuccino
Coa see Hps3
co-culture aggregation 214, 215
Cocoa see Hps3
Color 15
see also Tyrosinase
color genes (colorloci) 20-2,23-46
eumelanin and pheomelanin 35-6, 194-206
eye/ear color development 29-31, 127-31
melanocyte development 23-8, 88-105
melanosome components 31-2, 140-55
melanosome construction/protein routing 32—4,
156-71
melanosome transport 34, 171-6
systemic effects 367
uncloned genes 39-46
color loci see color genes
colors 4-12
see also color genes
conditional mutations 215-19
Cre/LoxP system 216-17
Cre-transgenic lines designed to target pigment cells
217-19
copper metabolism deficiency 154-5
see also AtpJa
Cordovan see Tyrpl1
cow see cattle
Cre-transgenic lines designed to target pigment cells
217-19
Cre/LoxP system 216-17,218,227
CREB see cAMP-response-element-binding protein
(CREB) family
crinkled (cr) see Edaradd
Cttnb1 see B-catenin
cyclic AMP see cAMP
cystine 205
seealso Slc7a11
cytokeratin K14 221-2

D see Myosa

Dancer see Tbx10

Dappled (mouse) see Atp7a
dappled phenotypes 155
Dark-eyed albinism see Tyrosinase
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Dark skin see Dsk mutants Dsk4 see Rps20
databases 234-5 Dsks see Egfr
DBA strain 229 Dsk7 see Gnall
Dc see Tbx10 Dsk10 see Gnaq
Dct (dopachrome tautomerase, DCT, Slaty, Slt, TRP2, Dsk12 see Krt1
tyrosinase-related protein 2) 16,31, 61, 91, 140, Dst (dystonin, dt) 37
147,152-3,153,191, 212,218 Dsu see Mreg
Dct::LacZ transgenic mouse 63 dt see Dst
Dct promoter in transgenesis 212, 217-19, 223 Dtnbp1 (Dystrobrevin-binding protein 1, Sandy, sdy, Hps7)
routing to melanosome 156, 160—9 33,167,168
Slaty allele (Dct™) 16, 147, 153, 153 seealso BLOC1
Slaty-light allele (Dct™") 153, 153 Dystonin see Dst

De see Tbx15
deafness 129, 148
delamination 67
DELTA 64
Delta-like (DLL) proteins 64, 74, 80
dermatome 65
development see embryonic development; pigment cell
development
DHICA oxidase see Tyrp1
DiGeorge syndrome 65
dileucine motif 149
Dilute see MyosSa
dilute phenotypes
cat (Mlphlocus) 1,11,68,117,176
mouse (MyoSalocus) 10, 53-4, 54,136,171-4, 172
Dilute suppressor see Mreg
distal elements 212
DLL see Delta-like proteins
DNA, pronuclear injection 210, 211-12
Dock7 (misty) 23
dog 237-8
black (dominant) see CBD103
black-and-tan (Agoutilocus) 8
brindle 9,19,111
chimeric 9, 19, 49, 142, 106
eumelanin/pheomelanin switch mutation 19
merle 49,142,142, 186
white-spotted 8, 9, 70
Dom see Sox10
Dominant black see CBD103
Dominant megacolon see Sox10
Dominant white (chicken) 142
Dominant white spotting see Kit
Dopachrome tautomerase see Dct
Drd2 35
Dreher see Lmxla
Droopy ear see Tbx15
Dsk (Dark skin) mutants 76
Dsk1 see Gnaq
Dskz2 see Krt2
Dsk3 see Rps19

Dystrobrevin-binding protein 1 see Dtnbp1

E see Mclr
ear 29-31,129
Ecel 23
ectoderm 64
Ectodysplasin A see Eda
Eda (Ectodysplasin A) 35
Edaradd 35
Edn3, EDN3 see Endothelin 3
Ednrb (Endothelin receptor type B, Piebald [spotting], S) 23,
51,52,59,74,75-6,102-5,112-18, 149-50, 198,
225,227
interactions 74, 93, 94
Piebald allele (Ednrb®) 52,59,102,111,114
Piebald lethal allele (Ednrb*!) 102-5, 115, 130
signaling pathways 74, 75-6
see also Endothelin 3
Egfr 24
Eisinger, M. 191
Elejalde syndrome 171
Elovi3 37
Elovl4 37
embryonic development 18, 63
neural-crest cells 58
embryonic stem (ES) cells 213-14, 229
of C57BL/6 strain 229
EMT see epithelial-mesenchymal transition (EMT)
EMU see epidermal melanin unit
Enl 24
endosome(s) 140, 146, 154, 160, 161
endothelin 1 (EDN1) 103—4
Endothelin 3 (Edn3, EDN3, Lethal spotting, Ls) 23, 74,75,
93,94,102,103—-4, 104, 112-18, 220, 222-3
EDN3/EDNRB pathway 74, 75-6, 104
see also Ednrb
endothelin receptor type A (EDNRA) 128
Endothelin receptor type B see Ednrb
Ep see Hps1
epidermal growth factor (EGF)/neuregulin family 84
receptors see Egfi; ERBB
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epidermal melanin unit (EMU) 12-13
epithelial-mesenchymal transition (EMT) 67, 74, 87
ERBB 84
Ercc2 37
ES cells see embryonic stem cells
eumelanin 4, 6, 15, 136, 139, 180—1, 189

banding 7, 185

brown 4,8

production 7,139, 139, 147, 223

see also black phenotypes; brown phenotypes;

pigment-type switching

eumelanosomes 15, 139, 180

biogenesis 139-40

enzymes 146-50

see also melanosomes
Evans, Martin 210
Extension see Mclr
Extreme dilution see Tyrosinase
Extreme nonagouti see Agouti
Extreme-dilution-mottled see Tyrosinase
eye 29-31,130-1

see also oculocutaneous albinism; Gpr143

fsee Sfxn1

Faded (Fe) 162,163

Fas 37

Fdv (Fading vision) 141

Fe see Faded

Felis catus see cat

FGF 64
FGF2 84

FGF receptors (FGFRs) 74, 85
Fgfr2 24

Fig4 (plt1, Pale tremor) 33

fish 12,91, 160, 241-2

Fkbps 29

Flexed tail see Sfxn1

Flp 216

forkhead-box (FOX) 86
FOXD3 64, 86
Foxn1 (Nude, Traveling wave) 24,124,220, 223

Frem2 24

frontonasal dysplasia 63

FZD (frizzled, frizzled receptors) 65,73, 74, 76,76—8
Fzd4 24,77

G-protein-coupled receptor 143 see Gpr143
G-proteins 73—-6

Gasl 29

Gata3 24

gene targeting 210, 212-15

genetic background 182-3, 195, 229-30
genetically engineered mice see transgenic mice

genomics 233
geranylgeranyl transferase 171
GFP detection 231
Ggtl 35,226
Gl see Ostm1
glaucoma 146, 152
GLI (gliotactin, Gli) 74,79, 86
Gli3 24
Y-glutamyl transpeptidase 1 (Ggt1) 35
glutathione-S-transferases (GSTs) 129
Glycoprotein transmembrane NMB see Gpnmb
Gm see Rabggta
Gnal1 (Dsk7) 25
Gnagq (Dsk1, Dsk10) 24
Gnpat 29
Goding, C.R. 95-7,107
Golgi (apparatus) 140, 149, 156, 158, 160, 161, 165, 171
Goodale, H.D. 120, 122
GP87 see Silver
GP100 see Silver
Gpe3 25
Gpnmb (Glycoprotein transmembrane NMB) 31, 146
Gpr143 (G-protein-coupled receptor 143, Ocular albinism
type 1, 0al, OAl1) 33,73,75,75,131,149,153-4
Gpri6l 25
Gray see gray horse
gray collie syndrome 165
gray horse 126,127,143
graying with age see progressive graying
Green, E. 3
Green, M.C. 122
Grey-lethal see Ostm1
Griscelli syndrome 34, 135,170, 171
Grizzled 192,205
Grlft 29
ground squirrel 55
GSK3B (glycogen synthase kinase 33, GSK3) 74, 76, 77
pathway interactions 74, 79, 87
Gsta4 129
guinea pig 235, 236
white-spotted tortoiseshell 90
Gunmetal see Rabggta

hair 13-14, 180
banding (agouti) 185
growth 15-17
growth cycles 17-18
microscopic structure 180
hair follicle 13-14, 13,1236, 124
development of 125
melanoblast homing to 122-3
niche 124
hamster 238
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Hairy/enhancer of split see HES1
head 127-8,128
heart 129-30
melanoblast migration 127-8, 129
Hedgehog (HH) 74, 79
pathway 74, 79
interactions 74,79
Sonic hedgehog (SHH) 79, 123
Helis 25
helix-turn-helix factors 86
hepatocyte growth factor (HGF, scatter factor, SF) 84,
220,221, 222
see also MET
Heph (hephaestin) 37
Hermansky—Pudlak syndrome 32, 33, 135, 161-2, 167,
168
type 2 (HPS2) 162,165
see also Ap3b1
Hermansky—Pudlak syndrome 1 homolog see Hps1
Hermansky-Pudlak syndrome 3 homolog see Hps3
Hermansky-Pudlak syndrome 4 homolog see Hps4
Hermansky—Pudlak syndrome 5 homolog see Hpss
Hermansky—Pudlak syndrome 6 homolog see Hps6
HESI (hairy/enhancer of split homolog 1) 74, 80
HGEF see hepatocyte growth factor
HH see Hedgehog
Himalayan see Tyrosinase
Hirschsprung disease 23, 93
Hollander, W.E. 235,238
homologous recombination 210, 212-15, 213
embryonic stem (ES) cells 213-14
generation of chimeric mice 214-15
co-culture aggregation 214,215
microinjection into early-stage embryos 214
targeted constructs 214
horse 240-1
bay 47,103, 142-3
brindle 240, 241
chestnut 47,178
gray 126, 127
palomino 159,241
silver-dapple 142-3, 144
white-spotted 103
Hps1 (Hermansky—Pudlak syndrome 1 homolog,
Pale ear, Ep) 33,169, 167
see also BLOC3
Hps3 (Hermansky—Pudlak syndrome 3 homolog, Cocoa, Coa)
33,168,167
see also BLOC2
Hps4 (Hermansky—Pudlak syndrome 4 homolog,
Light ear, Le) 33,169, 167
Hpss (Hermansky—Pudlak syndrome 5 homolog, Ruby-eye 2,
Ru-2) 33,135,167,169

Hps6 (Hermansky—Pudlak syndrome 6 homolog,
Ruby-eye, Ru) 33,135,167,169-70

Hps7 see Dtnbp1

Hs2st1 37

hyperadditive spotting 121

hyperpigmentation 221

Hypervariable yellow see Agouti

hypopigmentation 9, 59, 133, 165, 221

Inhibitor (cat, I locus) 136, 239

International Mouse Strain Resource (IMSR) 234
iridophores 12

iris 130

Itgh1 25

Jackson, 1.]. 215,223,228
Jagged (JAG) proteins 74, 80, 228
Jagged2 228
Japanese rabbit 108
Jmjde 29
JU/CtLm (JU) strain 104, 112, 113,115, 122, 180, 182,
183,199, 201, 202

K (dog) see CBD103
KK (mouse) 183
keratinocytes
melanosome transferinto 9-10, 12-13,15-17
failure 53-4
stem cells 124
Kit (KIT, W, c-Kit, Dominant white spotting) 25,65, 67,
74,83, 87,91, 99, 112, 116, 130, 225
melanoblast migration and 94, 98-100, 112-14
pathway interactions 80, 87, 88
pleiotropic effects 62
rearrangement of regulatory region 119
somatic reversions 114,115,118
special case alleles 118—20
transgenic mice 221,223, 225
Kitl (KITL, Steel, SI; Mast cell growth factor, MGF; Stem
cell factor, SCF; Steel factor, SLF) 25,65, 83,
101,102,116, 121,122
melanoblast migration and 65, 94, 98, 100-2, 111,
123
transgenic mice 220, 221, 222, 224
Krt (keratin) genes
Krt1 (Dsk12) 25
Kri2 (Dsk2) 25
Krt4 25
Krt17 25
Krt75 25
Kumba (Ku) see Zic2
Kunisada, T. 221
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L-dopa (dopa) 73, 75, 131, 147, 149, 154, 179
Licam 35
LacZ staining 63,217-18, 223
Lamoreux, M.L. 145,162, 230
langur 206
lavender 1, 11
Le see Hps4
Leaden see Mlph
LEF/TCEF factors 74, 76, 76
in 3-catenin pathway 74, 76, 76, 77
Left (LEF1) 26, 74, 76,77, 85,97
Tcf7 (TCE7) 77
Lethal spotting see Endothelin 3
Lethal yellow see Agouti 198
leucophores 12
Lgr see London gray
ligands 73, 82
Light see Tyrp1
Light ear see Hps4
Little, C.C. 237,238
Lmx1a (dreher) 26
Ln see Mlph
London gray 162, 164
LoxP 216-17,218
LRP (low-density-lipoprotein-receptor-related protein)
74,76
LRP1 77
Ls see Endothelin 3
Lyon Hypothesis 68,107, 238
Lyonization 68,107,238
Lyst (Lysosomal trafficking regulator, Beige, Bg) 33,170-1,
167,170
function 161

m see Dock7
Mab21/2 29
Mahoganoid see Mgrn1
Mahogany see Attractin
Mahogunin see Mgrn1
Mahogunin ring finger 1 see Mgrn1
MAPK see mitogen-activated protein kinase (MAPK)
mast cell growth factor see Kitl
Matp see Slc45a2
Mayer, T.C. 120-1, 122
Mbtps1 26
Mc1r (Melanocortin 1 receptor, MC1R, E, Extension, MSH
receptor, Recessive yellow) 5, 35,55, 59,75, 90,
99,119,177,181, 187,190, 192,194-7, 1956,
223,227-8
Belted interaction 123
discovery of 238
pathway interactions 88, 126
pigment-type switchingand 8, 55,192,193, 194-7

protein structure 195
Recessive yellow allele (Mc1r¢) 5,59,99,119,177, 181,
194-7,196
signaling pathways 74,75, 75
Sombre allele (Mc1r¥*°) 196,197
Tobacco allele (Mc1rEt?) 197
transgenic studies 220, 2278
Mecoln3 (Va, Varitint waddler) 26
Md see Mgrn1
megacolon 93
see also Sox10
melanin 15, 189-90
see also eumelanin; pheomelanin
melanoblasts 18,58, 64
development 63—5
homing to hair follicles 122-3
migration 18,63, 69, 128
eye 130
genetic basis 93-126
hair follicle 123-6
head and heart 127-8, 128, 129
tortoiseshell phenotype and 110-11
see also migration staging area; neural crest cells;
pigment cell development
Melanocortin 1 receptor (Mc1r) see Mclr
melanocortin 4 receptor (MC4R) 204
melanocyte-stimulating hormone (MSH) 74, 193, 196,
202-3
and pigment-type switching see Mc1r
signaling pathway see Mc1r
see also Pro-opiomelanocortin
melanocytes 14,58
cellular signaling pathways 71-88, 74
downstream signaling 85-8
seven-pass transmembrane receptors 73-9
single-pass transmembrane receptors 79—85
death of 8-9
development 51-2
defects 51-2
failure to differentiate or survive 8-9
see also albinism; white spotting
function 4
progressive loss of 59-62
melanogenesis 15,16,134,147,179
enzymes 146-53
mixed 190, 190
Melanophilin see Mlph
melanophores 12
Melanoregulin see Mreg
melanosomes 4, 133, 135-6, 139, 180
biogenesis 14-15, 13940
development 52-3
defects 52-3
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protein processing 156—60 MSH/ASP/MCIR pathway 75
regulatory membrane proteins 153-5 MSH receptor see Mc1r
routing to 160-2, 161 Mu see Txndcs
transfer into keratinocytes 9-10, 12-13,15-17 Mutant Mouse Regional Resource Centers (MMRRC)
failure 534 234
transport 171-5, 174 Muted see Txndcs

types/stages I-IV 139, 139
Membrane-associated transporter protein see Slc45a2
Menkes, J.H. 154-5
Menkes protein see Atp7a
Merle 49,186
MET (HGF receptor) 74, 84
pathway interactions 88
metallothionein promoter (MT1) 222
Mg see Attractin
MGEF see Kitl
Mgrn1 (mahogunin ring finger 1, MGRN1, Mahoganoid)
35,193,203-4
Mahoganoid (Mgrn1™#)allele 55,182,188, 193
Mh see Ap3d
mi see Mitf
Misty (m) see Dock7
Microphthalmia see Mitf
microphthalmia-associated transcription factor (MITF)
see Mitf
migration staging area (MSA) 65, 66, 67-9,93—-4,101
Mintz, Beatrice 106, 107, 121, 210, 215
Mitf(MITF, Mi, mi, Microphthalmia, Microphthalmia-
associated transcription factor) 10,26, 57, 60, 67,
69, 74—6,78,87,90,91,93-7,95-6, 192, 235
melanoblast migration and 65, 94-7
mutant phenotypes ii, 4, 57, 60, 61, 90, 94—6
pathway interactions 85, 87, 88
pigment-type switching and 193
pleiotropic effects 62
retinal pigment epithelium (RPE) and 130, 13
transgenic technology 224-7,225
mitogen-activated protein kinase (MAPK) 74, 82, 83, 87
Mlph (Melanophilin, Leaden, Ln) 34, 68,171,173-5
see also cat, dilute
MNK see ATP7a
Mocha see Ap3d
molt patterns 17-18
MommeD1 see Smchd1
MommeD4 see Smarcas
Mosaic see Atp7a
Mottled see Atp7a
Mouse Genome Informatics (MGI) 233, 234
Mpzl3 26
Mreg (Melanoregulin, Dilute suppressor, Dsu) 34,171,173,
175
MSA see migration staging area
MSH, 0!MSH see melanocyte-stimulating hormone

Myc (MYC) 26, 74, 83,225

Myosa (D, Dilute, Myosin Va) 34,54,171,173-5
Dilute allele (Myosa®) 54,136,171, 173-5

Myo7a (shaker-1, sh-1) 34

myosin Va see Myo5a

myosin Vlla see Myo7a

NCCs see neural crest cells
Ndp 29
Nettleship-Falls oculocutaneous albinism (OA1) 33,
154
see also Gpr143
neural crest 626, 64,127
neural crest cells 58,65, 78,97
delamination 67
heart 129
migration and differentiation 67-71,93-105, 127
specification 66-7,91-3
neural tube 64, 66
defects 92
neuregulins 84
neurocristopathies 63
NEUROG2 81
neurogenin 81
neurulation 63, 64—5, 66
Nft 29
Nishikawa, Satomi 100, 112
noggin (NOGGIN) 67, 81
nomenclature xii
Nonagouti see Agouti
Notch NOTCH) 64, 80, 145
interactions 80
Notch1 26,226
Notch2 26,226
NOTCH/DELTA 66
progressive graying and 125
signaling pathway 74, 78, 79-80, 228
transgenic studies 226, 228
NrZel 30
NR4A molecules 126
Ntrk1 (TrkA) 27,226
nucleopetal distribution 172
Nude see Foxn1

Oal see Gpr143
Oat 37
obesity 197,200-1, 2034
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Oca2 (Oculocutaneous albinism type II, P, Pink-eyed
dilution) 34,156-8, 157,170, 192
function 156-8
and pheomelanogenesis 158
Pink-eyed dilution allele (Oca2?) 116,157
Pink-eyed extra dark allele (Oca2t™) 158
Pink-eyed unstable allele (Oca2?™") 106, 110, 157, 158
Ocular albinism type 1 see Gpr143
oculocutaneous albinism 134, 1478, 148, 154, 164
type IA (OCA1A) 134, 147-8
type IB (OCA1B) 147-8
type Il see Oca2
type IV (OCA4) 158
see also Tyrosinase; Tyrpl; Oca2
ONECUT2 (OC2) 74, 85,97
Online Mendelian Inheritance in Man (OMIM) 233
Orange (cat) see cat, red
organelle transport 173—4
orthodenticle homolog 2 see Otx2
Ostm1 (Grey-lethal) 35,192,205
Otx2 (orthodenticle homolog 2, OTX2) 30, 130

P see Ocaz

P protein see Oca2

p53 87

Pa see Pallidin

Pah 37

Paired box gene 3 see Pax3

Pale ear see Hps1

Pale tremor see Fig4

Pallid see Pallidin

Pallidin (Pldn, Pallid, Pa) 34,167,168

Palmiter, R.D. 210

Palomino 241

Patch (Ph) 40,113,114, 118-20
Patch-extended 113

Patched (PTCH) 74,79

Patchwork (Pwk) 40, 126

Pax2 30

Pax3 (Paired box gene 3, PAX3, Splotch, Sp) 27,84, 85,

91-2, 92,123,129, 226

Pax6 (small eye, Sey, PAX6) 27,130

Pcbd1 27

PDGFs (platelet-derived growth factors)
Pdgfb 30
Pdgfc 30

PDGFRSs (platelet-derived growth factor receptors)

845

Pdgfra 85,113

Pdpk1 37

Pearl see Ap3b1

Pewter see Atp7a

Ph see Patch

Phactr4 30
phenomics 210
phenotypes xi, 4-12, 88
agouti see Agouti
albino see Tyrosinase; albinism; Gpri143;
oculocutaneous albinism
brown see Tyrp1; CBD103
black see black phenotypes; Agouti, Nonagouti;
CBD103; Tyrp1
dark skin see Dsk mutants
dilute see Myosa; Rabggta; Mlph; Rab27a
of mouse HPS models (routing defects) 160, 135, 167
phenotype/genotype relationships 233, 209-10, 88, 89
pink-eyed dilution see Oca2
recessive yellow see Mc1r
routing defects 160, 135, 167
slaty, slaty-light see Dct
trafficking defects 160, 135, 167
white-based hair phenotype 145
wild-type see Agouti; cat, tabby; horse, bay
X-linked yellow see cat; hamster
yellow (red, orange) see yellow phenotypes;
pheomelanin; pheomelanosomes
see also chimerism; eumelanin; genetic background,;
Lyon hypothesis; pigment-type switching;
transgenic mice, coat-color transgenic mice;
white spotting; progressive graying (vitiligo)
see also species: antelope, birds, cat, cattle, dog,
guinea pig, hamster, horse, rabbit, pig, primate
Phenylalanine hydroxylase see Pah
pheomelanin 4,5, 15,136, 1801, 189
banding 7, 185
production 7,191-2
see also pigment-type switching
pheomelanosomes 15, 180
biogenesis 140
see also melanosomes
phosphatase and tensin homolog (PTEN) deficiency see
Pten
phosphoinositide-3-kinase (PI3K) signaling 79, 82, 83,
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