REVIEWS

Some of the most obvious traits that distinguish differ-
ent individuals of our species are the colors of eyes,
hair and skin. Identifying and understanding the genes
that control these traits could shed light on recent
events in human evoluticn, and might provide biologi-
cal explanations for differences that underlie social
perceptions of historical and current significance. The
genetics of pigmentation, however, are complex and
quantitative: more than a few genes are responsible for
the continuous range of pigmentation phenotypes
apparent among different ethnic and racial groups.

Of the several genes known to affect human pig-
mentation, most have been recognized by severe loss-
of-function mutations that produce albinism, biochemical
abnormalities that affect the ability of melanocytes to
make normal pigment!, or piebaldism, developmental ab-
normalities that result in the absence of mature melano-
cytes from discrete areas of the body? (Table 1). While
one might postulate that polymorphism in these genes
can explain the observed differences in the hues of our
hair and the shades of our skin, the genetics of mouse
pigmentation predicts a more complicated situation.

In mice, nearly 100 genes have been identified that
affect coat color, many of which exhibit complex and
fascinating interactions described by Silvers almost 30
years ago?. A large number of coat color variants. such
as brown, silver, pink-eyed dilution and yellow, have
roots in the European and Asian mouse fancy com-
munities of the 18th and 19th century, wherein animals
with unusual and/or striking variation in their pelage
were prized for their beauty and singularity®. Fancy
mice provided some of the initial tools used to create
inbred strains, whose development in the early part of
this century laid the foundation for much of mammalian
genetics®. Though the classical genetics of mouse coat
color has 2 long history, it is only in the last several
years that a significant number of coat color genes have
been isolated and their protein products characterized.

Comprehensive reviews of human and mouse pig-
mentation genetics have been published recently by
Spritz and HearingS, and Jackson’, respectively. This
review describes several recent advances that illustrate
how mouse coat color genetics is a useful starting point
10 study variation in human pigmentation phenotypes
(Fig. 1). Each of these advances is based on the study of
previously existing mutations in mice and, in some
cases, humans. However, modem techniques of trans-
genesis and gene targeting now allow questions raised
by the study of cells and molecules to be examined in
the context of an organismal phenotype, and ways in
which mouse genetics can be used 1o study human pig-
mentation are also suggested. Finally, lest we become
too anthropocentric, it is important to remember that
mice do not exist solely for the purpose of providing
experimental models, and I hope to show that mouse
coat color is not only a model for human skin, eye and
hair color, but also can provide insight into fundamen-
tal aspects of cell and developmental biology relevant
to many different organisms.

A hormone receptor for red hair and fair skin
Hormonal control of pigmentation is apparent in a
variety of situations, two diverse examples being the
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Genes that control mammalian pigmentation interact with
each other in intricate networks that bave been studied for
decades using mouse coat color mutations. Molecular
isolation of the affected genes and the ability to study their
effects in a defined genetic background bave led to
surprising new insights into the potential interaction
belueen tyrosine kinase and G-protein-coupled sfgluding
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phenotypic variaticms, such as red bair and fair skin.

seasonal changes of fur color observed in certain arctic
mammals, and the skin hyperpigmentation that serves
as a cardinal sign of primary adrenal gland insufficiency
in humans. The latter example is caused by increased
pituitary production of adrenocorticotrophic hormone
(ACTH), one of three melanocortin peptides, the others
being a- and y-melanocyte-stimulating hormone (a- and
y-MSH), derived from a single polyprotein precursor,
pro-opiomelanocortin (POMC; reviewed in Ref. 8). The
potent effects of these molecules on pigmentation are
mediated by the melanocortin 1 receptor (MCIR), a
seven transmembrane G-protein-coupled receptor ex-
pressed at high levels in melanocytes, whose activation
produces elevated levels of intracellular cAMP (Ref. 9).

As reported recently by Valverde ef 2/19, molecular
variants of the human MCIR gene are more likely to be
found among individuals with red hair, fair skin and
poor tanning ability than in those of us with a lesser
need for a high SPF sunblock. Among 135 Irish or
British Caucasians with differing shades of hair color,
whose MCIR gene was analyzed by PCR-based
sequencing, nine different alleles predicted to give rise
to altered proteins were found in 20 of 38 red-haired
individuals, but only in 11 of 76 brown- or black-haired
individuals. The significance of this observation is
clearer when broken down according to genotype: the
‘relative risk’ for red hair is 15-fold among individuals
that carry one variant allele, but rises to 170-fold among
individuals that carry two variant alleles (homozygotes
or compound heterozygotes).

Interest in the MCIR as a possible determinant of
human pigmentation was presaged by the discovery of
a loss-of-function mutation in the mouse McIr gene as
the cause of recessive yellow (Ref. 11). Formerly desig-
nated as e, recessive yellow is one of several alieles at
the extension locus, in which dominant mutations
extend the amount of black pigment and diminish the
amount of yellow pigment (as in sombre, see below),
while recessive alleles diminish the amount of black
pigment and extend the amount of yellow pigment (as
in @). At first glance, these observations provide a good
example of what mouse genetics can provide for human
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Tante 1. Functions and mutant ph pes of sclected pigmentation genes?
Mutation® Gene product® Phenotype in mice and humans
albino () ‘Tyrosinase; catalyzes oxidation of Complete absence of all pigmentation (snow-white
dopaquinone; required for tyrosine to hair and red eyes); abnormal connections of
lanin and ph lani hesit visual and auditory neurons; oculocutaneous
albinism type 1 (GCA1) in humans
Agouti(A) Secreted protein; antagonist of MCIR In mice, loss of function produces black hair while gain
of function produces yellow hair; no effect on retinal
pigmentation; defects not yet described in humans
broun Tymsmase—related protem 1 (Tyrpi), Loss of function produces brown, instead of black,
hair in mice; rare form of mild albinism (‘brown
mrboxyhc acid (DHICA) a distal step oculocutaneous albinism’ or OCA3) in humans
in eumelanin synthesis
lethal spotting Endothelin 3 (Edn3); 21 amino acid Piebald spotting, deafi and i 1 li
peptide produced from larger precursor  (leading to death) in mice; no effect on retinal
pigmentation; defects not yet described in humans
piebald spotting Endothelin receptor type B (Ednrb); In mice, identical to the phenotype produced by
seven-transmembrane-domain receptor lethal spotting, human mutations produce a similar
coupled to G; and/or G ph pe including intestinal lionosi
(Hirschsprung disease), but with variable expressivity
pink-eyed dilution (p) Integral membrane protein of Loss of function produces pink eyes and grey/yellow
eumelanosomes hair in mice; OCA2 in humans (blond to white hair,
pale skin, visual abnormalities)
recessive yellow Melanocortin 1 receptor (McIr); In mice, loss of function produces yellow hair while
seven-transmembrane-domain gain of function produces black hair; no effect on
receptor coupled to Gy retinal pigmentation; red hair and fair skin in humans
slaty Tyrosinase-related protein 2 (Tyrp2); Partial loss of function produces slight dilution of
catalyzes production of DHICA from black pigment in mice; defects not yet
dopachrome, proximal step to TYRP1in  described in humans
synthesis of eumelanin
Steel Mast-cell growth factor (Mgf); paracrine  White hair with black eyes in mice (accompanied by
growth factor with soluble and sterility and multiple hematopoietic deficiencies);
membrane-bound isoforms; ligand for Kit  defects not yet described in humans
White spotting Receptor tyrosine kinase encoded by Similar to Steelin mice, but partial loss of function

proto-oncogene Kit; used by developing

germ cells, hematopoietic cells and
melanoblasts

produces piebald spotting whereas hypomorphic Mgf
alleles produce overall dilution of pigment (i.e. steel
colored); in humans produces the piebald trait

3See text and reviews in Refs 6 and 7 for additional deteils.

bCurrent gene symbols (m parantheses) can refer either 1o lhe mummn or |o lhe gene pmduct as indicated by their placement

under these respective headings. The albino ion is

genetics and vice versa: the functional significance of
the human variants rests largely on furry shoulders, and
it will no doubt be easier to find additional MC7R mu-
tations among red-haired humans than yellow mice. On
closer inspection, however, the analogy between these
two situations has some problems. What does red hair
in humans have to do with yellow hair in mice? Why
are MCIR alleles apparently semidominant in humans,
yet recessive in mice? And, finally, what causes red hair
in humans with a normal MC1R?

The answer to the first question is found in the
annals of pigment biochemistry and cell biology: there
are wo basic types of tyrosine-derived melanin in
mammals, phacomelanin (red/yellow) and eumelanin
(brown/black), that differ in their biochemical compo-
sition and ultrastructural appearance in intracellular
organelles (reviewed in Ref. 12). Pheomelanosomes are
spherical, lack internal structure and contain a relatively
soluble cysteine-tich material; eumelanosomes are

| reasons.

elliptical and contain a highly organized matrix with an
insoluble cysteine-poor material (Fig. 2). In humans,
the highest amounts of pheomelanin are found in ‘fire
red’ hair, while black, grey and blond hair is mostly
eumelanin!3-15. By contrast, fire red hair is not found in
laboratory mice, and while the color of animals
homozygous for recessive yellow is superficially similar
to blond hair in humans, hair pigment in these animals
is composed almost entirely of pheomelanin?6.17,

Given the biochemical and ultrastructural similarities
between human red hair and mouse yellow hair, some
or all of the human MCIR variants are likely to impair
receptor signaling. Eight of the nine variants lie within
the N-terminal portion of the protein. However, our
current knowledge of the three dimensional structure of
melanocortin receptors is limited and functional studies
will be required to determine whether the altered MCIR
proteins affect membrane insertion, ligand binding, or
interaction with intracellular effectors.
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Similar to other G-protein-coupled receptors with
peptide ligands, allelic variation of the MCIR can pro-
duce increased as well as decreased signaling. Indeed,
Robbins et al!! found that alterations of the mouse
Mc1rthat produced hyperactive or constitutively active
receptors were responsible for graded degrees of
hyperpigmentation in mice that caried the sombre,
sombre 3-J and tobacco mutations. Whether analogous
alterations in the human MCIR might contribute to
racial differences in skin color might be difficult or
impossible to answer by association studies. The
‘British and Irish Caucasian’ sample studied by Valverde
et al 19 js likely to represent a population with relatively
lile admixwre, but comparisons across racial groups
would need to take into account founder effects and/or
genetic drift, which could produce associations with no
functional significance.

Is heterozygosity for an MCIR variant sufficient to
produce a phenotype in humans but not in mice?
Valvarde et al.10 are appropriately cautious in stating
that red-haired individuals apparently homozygous or
heterozygous for the ‘normal’ MCIR allele (7 or 11 of
38, respectively) might actually have alterations in
receptor expression that were undetected by DNA-
based mutational analysis. However, a logical corollary
of this explanation — that red hair should segregate as a
simple mendelian recessive trait — has not been sup-
ported by population genetic studies of the past.
Instead, a more likely alternative, also acknowledged
by the authors, is the potential for interaction with other
loci such that MCIR expressivity and dominance (or
lack thereof) would depend on genetic background.
The genetics of mouse coat color would be the logical
system in which to test this hypothesis but, to date, £/
animals seem to be indistinguishable from E/E animals
regardless of genetic background.

More than one way to make red hair?

By contrast, the study of mouse coat color genetics
allows some clear predictions about causes of red hair
other than MCIR allelic variation. The key player here is
the Agouti protein, a novel paracrine signaling mol-
ecule that inhibits the effects of melanacortin signaling.
Transient expression of Agouti during the midphase of
hair growth is responsible for the subterminal band of
pheomelanic pigment present in individual hairs of the
animals, Agouti paca and Agouti taczanowskii, for
which the gene is named (reviewed in Ref. 18).

The effects of many mouse Agouti alleles on coat
color are identical to those produced by mutations of
Extension (i.e. Mclr), in a manner reminiscent of the
Steel (Mgf)-White spotting {Kif) and the piebald spot-
ting (Ednrb)-leibal spotting (Edn3) relationships (see
below). However, in the case of Mgf and Kit, or of
Ednrband Edn3, a loss-of-function in the ligand mimics
a loss-of-function in the receptor. By contrast, recessive
Mec1r alleles mimic the pigmentary effect of dominant
Agouti alleles. This observation and others!8 provided
the genetic groundwork for the work of Lu ef 429, who
demonstrated recently that recombinant Agouti protein
inhibits the ability of melanocortins to bind 10 and
activate the MCIR expressed in heterologous cells.
Synthetic receptor antagonists are widely used in phar-
macologic research and as therapeutic agents, but the

FiGURE 1. Ph s of homol ion genes in
humans and in mice. Defects of the Kif gene produce the
h piebald spotting fly named White spotting) in

mice (a) and dominantly inherited piebald trait in humans (b).
The animal shown in (a) is heterozygous for the Kit? allele.
(c) Defects of the Mc1rgene produces recessive yellow in mice
and are likely to cause red hair in humans (d). See text and
Ref. 10 for further discussion.

Agouti protein is the only known natural antagonist of a
G-protein-coupled reccptor. This unique situation -
modulation of MCIR signaling by altering the levels of
antagonist against a constant background level of
melanocortin ligand ~ avoids the necessity for mecha-
nisms that adjust a-MSH levels independently of other
POMC-derived products, such as ACTH and B-endorphin.
It also allows local control, because a-MSH circulates
actively through the blood (it can also be produced by
keratinocytes?0), but Agouti protein has a very small
sphere of action2!. Given this background, a logical hy-
pothesis is that red hair in humans might be caused not
only by loss-of-function MCIR alleles, but also by gain-
of-function alleles in the human homolog of Agouti,
ASIP (Refs 22, 23). Unlike receptors, however, gain-of-
function mutations in ligands are nearly always regulat-
ory rather than structural, and identification of putative
variants in ASIP might require expression and/or link-
age studies.

The search for causes of human red hair other than
variants in the MCIRand possibly ASIPis not solely the
domain of the geneticist, and could be guided by a bio-
chemical approach towards proteins that act specifically
on the MCIR signaling pathway. As alluded to above,
abnormalities that affect availability of «-MSH or related
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Red/yeliow pigment
{pheomelanosomes)
71

Dopaquinone

Tyrosme

¢ (Tyn)
_» Tyw2

o

P\. Black pigment
{eumelanosomes)

(Tyrp1®) and  pink-eyed dilution (p) mutations
(reviewed in Ref. 7). However, the effects of Typ1¢ or
of p become apparent only on a eumelanotic back-
ground; mice that carry the brown and recessive yellow
mutations G.e. TypI% Twpl® McIre/Mclre), for ex-
ample, have pheomelanic coats thart are nearly indistin~
guishable from those that carry only recessive yellow
(Tvp1*/ Tynp1* Mc1r€/ Mc1r®). Recent RNA and protein
expression studies from Kobayashi et a/?’ and
Lamoreux et al? show high-level expression of P,
Tyrpl and Tyrp2 as long as hair follicles synthesize
in, but during the nadir of MCIR signaling that

FiGURE 2. Regulatory and biochemical control of melanogenesis.
Agouti and o-MSH are extracellular proteins that regulate MCIR
signaling at the cell membrane to depress and elevate, respectively,
intracellular levels of cyclic AMP (cAMP) as described in the text.
Tyrosine is oxidized by the enzyme tyrosinase (Tyr), encoded by
the rl()cus w0 produm dopaqumone a common precursor of

accompanies pheomelanogenesis, expression ceases
completely. Thus, these genes seem to function as
downstream components of pigment-type switching in
an on/off mode (Fig. 3).
The same cannot be said. however, for tyrosinase, a
melanosomnl enzyme encoded by the ¢ gene which
of d

pheomelanin and ic steps from
dopaquinone to pt lanin have not been id d, but the
tyrosinase-related enzymes encoded by the Tyrp2and Typl
genes catalyze oxidative steps in the pathway from dopaquinone
1o eumelanin!?. All three enzymes and their products are
localized within mel; because the oxid:
of melanin synthesis are cytotoxic. The product of the pink-eyed
dilution gene (p) is an integral membrane protein specific to
eumelanosomes and appears to help stabilize tyrosinase and the
two tyrosinase-related enzymes as part of a multiprotein complex2,
Increased levels of intracellular cAMP stimulate expression of the
¢, Tyipd, Tyrp2and p genes (indicated by the dashed arrows),
which provxdes a mechamsm whereby MCIR signaling, regulated
or negatively at lhc llular level by o-MSH or
Aguuh protein, whether is
diverted into the eumelanin or the pheomelanin pathway.

ligands are likely to have pleiotropic effects, but some
intracellular pathways for MCIR signaling might well
have components that are tissue specific. For example,
a receptor Kinase or arrestin, or even a G protein sub-
unit expressed only in melanocytes, might prove to be
a likely candidate for explaining red hair in individuals
with a normal MCIR gene. Conversely, the MCIR is not
the only seven-transmembrane-domain receptor ex-
pressed in melanocytes, and intracellular abnormalities
in G-protein signaling might lead to a combination of
piebaldism and red hair (see below).

Shedding light on fair skin

How does MCIR signaling get translated into
instructions to make red hair or black hai? Studies of
cultured melanoma cells show a relationship between
the concentration of extrucellular a-MSH and the ac-
cumulation of intracellular cAMP, in which the levels of
hormone and second messenger can both vary over a
wide range (reviewed in Ref. 24). However, the abrupt
change from black to vellow pigment that occurs in
agouti hairs points to qualitative, as well as quantitative,
changes in gene expression at the end of the pigmen-
tation circuit. Here, the predictions made by the genetics
of mouse coat color identify some of these downstream
genes and also provide insight into why fair skin is
associated with red hair.
mal

the fc one from tyrosine,
:md in which loss-of-function mutations produce type I
oculocutaneous albinism (OCA1) in humans and the
albino mutation in miceb”. Unlike erpl and P tyrosi-
nase is rate-limiting for i of phec as
well as eumelanin, bul lower rates of dopaqumone for-
mation are required for pheomelanin than for eumela-
nin synthesis (discussed in Refs 29, 30). This point is
dramatically illustrated by the coat color phenotype of
the chinchilla (cb) allele, in which an alteration in the
tyrosinase protein causes reduced enzymatic activity. In
/b mice, high levels of MCIR signaling cause
depostion of eumelanin granules that are gray instead
of black, but low levels of MCIR signaling (which
would normally induce pheomelanogenesis) produce a
level of tyrosinase activity too low to support any pig-
ment synthesis, altering the agouti phenotype from
black-yellow-black to grey—whitegrey (Fig. 3).

Viewed from this perspective, fair skin in humans
could be a consequence not only of an increased
pheomelanin:eumelanin ratio, but also a reduced level
of tyrosinase and, therefore, would be influenced not
only by factors that impinge on MCIR signaling, but
also by genetic variation at the human homolog of ¢,
the TYR gene. Many TYR alleles that severely impair
protein function have been identified in individuals
with OCA1 (Ref. 1). Unlike the MCIR, however, vari-
ation in TYR coding sequence is rare, and putative TYR
polymorphisms that influence skin color might lie at a
considerable distance from transcribed regions3!.

Fair skin in humans, of course, is also found in the
ahsence of red hair where, presumably, the level of MCIR
signaling is relatively robust. In this case a logical place
to search for an underlying cause begins with the human
homolog of the P gene, where loss-of-function alleles
produce OCA2, but many structural variants have been
identified in the absence of an obvious phenotype3233,
In contrast to 7YR mutations, where complete ioss-of-
function always causes snow-white hair, the phenotype
of OCA2 varies according to racial background, an:l
most affected individuals have some minimal pigmer-
tation of their hair and skin (reviewed in Ref. 1). Partial
loss—of function mutations of TYR also produce mini-

The Tyrpl and p genes encode a mel
enzyme25 and an integral membrane protein20, respec-
tively, whose absence is responsible for the brown

mal ion, but, i , these patients can
wan while those with severe OCA2 cannot. This obser-
vation and others* suggest that UV-irradiation stimulates
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eumelanogenesis specificaily, which
is intact albeit curtailed in mdd
OCAL, but abrogated in QCA2.

From pathways to networks:
modifiers of piebaldism in mice
and in kzmans

Pigment cells hold interest for
the developmental as well as the cell
biologist: programmed alterations in
gene expression act together with en-
vironmental cues to bring about the
changes in cell fate, migration and
differentiation that allow the jour-
ney from neural crest to melano-
cyte (Fig. 4, reviewed in Refs 35,
36). Shontly after the closure of the
neural tube, melanoblasts are rec-
ognized as a subset of nascent
neural crest cells that express Tyrp2
(Ref. 37; Fig. 4; Table 1). Transition
from melanoblast to melanocyte is
defined operationally by the ex-
pression of tyrosinase and the
appearance of pigment granules,
and coincides with increasing den-

Expression of melanogenic proteins

(a) Non-mutant (c*/c+)

Level of MC1R signaling

Leveloimmewressoon

1-

(b} Chinchilla (ceh/ceh)

Level of MC1R signaling
—————

Level of Agouti expression
e e e

dritic differentiation at the dermal-
epidermal junction, or the base of
developing hair follicles for intra-

FiGurE 3. Interaction of genes that control melanogenesis. (a) In animals with a
non-mutant ¢ allele (c’), low to mlermedua:e Ievels of MCIR signaling cause low to
of but

follicular or epidermal melanocytes,
respectively38.39,
Pi v ifestations of a1

is not detectable, and ¢

tleTYRPlandTYRPZpronems
is synthesized. Above a certain

Tv b 1

threshold level of MCIR 5|gnalmg, exprcss;on of P TYRP1 and TYRP2 begins, and

mutations that compromise neural

instead of phy 27, There is a lower limit of tyrosinase

crest development are usually mani-
fest as the localized absence of
melanocytes at birth, otherwise
known as piebaldism (and distin-
guished from vitiligo: the loss of

expression, indicated by the dashed lme below which no pigment is synthesized. This
limit, and the phenotypic interaction berween MCIR signaling and tyrosizass caprcsiion,
is most readily detected in mice when the maximal level of tyrosinase expression is
reduced by structural altesation of the protein as in the chinchilla (c°b) allele as shown in
(b). In humans, low levels of MCIR signaling caused by structural alterations in the MCIR
protein might also result in fair skin due to depression of tyrosinase activity.

melanocytes from localized areas

after birth). For example, defects of the mouse Pax3
and mi genes give rise to Sploich and White (Mivh)
mice, respectively, while defects of their human
homologs PAX3 and MITF give rise to Waardenburg
syndrome 1 and I, respectively (Fig. 4; reviewed in
Refs 40, 41). The recent molecular identification of four

signaling systems in a genetic pathway. However, Edn3
and Ednrb abnormalities affect multiple neural crest
derivatives while Mgf and Kit abnormalities do not,
suggesting that endothelin signaling acts before Kit
signaling during pigment cell development. This
hypothesis is supported by recent studies from Pavan

additional genes, Steel, White piebald spotting

and Tilgt 44, and Wehrle-Haller and Weston4S of

and lethal spotting, has drawn auention to the interplay
between tyrosine kinase and G-protein-coupled signal-
ing systems. Several years ago, defects in a receptor
tyrosine kinase encoded by the Kit gene were recog-
nized as the cause of White spotting (now renamed
Kit¥), and defects in its ligand mast cell growth factor
were recognized as the cause of Steel (now renamed
MgfS, reviewed in Ref. 7). More recently, defects in the
G-protein-coupled type B endothelin receptor were
recognized as the cause of piebald spotting (now
renamed Ednrbs) and defects in its ligand endothelin 3
were recognized as the cause of lethal spotting (now
renamed Edn35)i243,

While Mgf-Kit or Edn3-Ednrb ligand-receptor
defects produce different sorts of pleiotropic abnormali-
ties (Table 1), their effects on pigmentation are quite
similar and, consequently, double mutant studies can-
not be used to order the Mgf-Kit and Edn3-Ednrb

melanoblast development in Ednrb or Mgf mutant
backgrounds, respectively. Midgestation embryos homo-
zygous for a severe Ednrb allele, piebald-lethal, exhib-
ited a complete absence of neural-crest-derived celis
that express Tyrp2. By contrast, in embryos that lack Kit
or Mgf function, Tynp2-positive cells were found next
to the neural wbe, the so-called migration staging area,
but failed to reach lateral mesenchyme.

These considerations suggest a directional view of
pigment cell development wherein Ednrb signaling
precedes Kit signaling, which precedes Mc1r signaling
in a serial pathway (Fig. 4). However, recent work by
Pavan et al.16 suggests a somewhat different view, More
than 60 years ago, work by Dunn and Charles indicated
that the severity of white spotting in piebald (i.e. Ldnrb-
defective) mice was very sensitive to genetic back-
ground effects?’. The application of quantitative trait loci
(QTL) analysis® to this problem has identified several
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(@ (b)
Waardenburg
syndrome (WS1)
N
EDNHB Profiferation/ Hirschsprung
™ survival syridrome
4
- :
L N 4 H Waardenburg
Ve ' @ syndrome (WS2)
Melanoblasts ;
; Y e Momion | Piebald
: igrati iebaldism
- su?vival
I'\ Red hair
\ —> Melanogenesis .
X MctiR Ocular albinism
Melanocytes / @» — Oculocutanzous
albinism

FiGure 4. Gene action and interaction during pigment cell development. (a) Shows pigment cell developmen! during embryogenesis.
A auhpopuhnon of neural crest cells overlymg the somite expresses the Kif and Tyrp2 genes; these cells subsequently enter the
ion pathway and y infiltrate loping skin and hair3839, (b) Shows how defects in the Edn3 or Ednrbgenes

act relatively early to affect the proliferation and/or survival of ntuml crest chs destined fo: the pigment and the enteric ganglia lineage.
Defects in the Mgfor Kit genes act hat fater to affect mels ion and/or survival (see text), and defects in the Agouti
or Mclr genes principally affect melanogeric control as shown in Figure 2. Also shown are two genes, Pax3and Muf which encode
ranscription factors required for melanoblast development and whose absence is ible for b types { and 11,
respectively (reviewed in Refs 6, 7. 40, 41). The double-headed gray arrows illustrate potential interactions between Ednrb and the

Mg f. Kitor McIrgenes as discussed in the textt.

loci that modify piebaldism caused by s, an old Ednrb
allele derived from mouse fanciers. Remarkably, candi-
dates for three of these modifier loci suggest that pig-
ment cell development can be viewed as a network, in
which the effect of Ednrb signaling is just one of several
steps whose outcomes intersect to control the likeli-
hood of postnatal melanocyte survival.

Similar to many other auributes of interest to mam-
malian geneticists, piebaldism is variably expressed,
even in a so-called congenic line in which different ani-
mals are genetically ideatical or nearly so (discussed in
Ref. 49). Among the C3H &/ mouse strain, the level of
melanocyte deticiency, quantitated by measuring the
proportion of the body surface area covered by spots, is
normally distributed about a mean of 14.96 + 3.25%. By
contrast, a strain of /5 mice bred selectively for exten-
sive spotting by Thomas Mayer50 exhibits melanocyte
deficiency from 53.5 £ 6.24% of their body surface. To
identify genes responsible for the difference between
the C3H and Mayer strains, Pavan et al46 genotyped
backcross progeny between the two strains for 70
microsatellite markers spaced at approximately 30 cM
intervals throughout the genome. An F, cross between
Mayer and C3H strains produced spotting similar to the

C3H parent (17.30 + 5.85%), and a cross of the F ani-
mals to the parental Mayer strain then produced a distri-
bution of spotting that overlapped each of the parental
strains (32.69 + 11.88%).

Pavan et al* followed an intuitive principle of QTL
mapping: backcross progeny that lie at the dark’ end of
the spotting spectrum carry an excess of C3H-derived
alleles that decrease spotting, while backcross progeny
that lie at the ‘light' end of the spotting spectrum carry
an excess of Mayer-derived alleles that increase spot-
ting. This approach and the subsequent testing of ad-
ditional markers and animals led to the identification of
six modifier loci, four of which, on chromosomes 2, 5, §
and 10 could account for most of the difference
between the C3H and Mayer strains. It is satisfying and
intriguing that excellent candidates for the loci on chro-
mosomes 5 and 10 are none other than the Kitand Mg/
genes. Satisfying, because White spotting (KitW) and
piebald spotting (Ednrbs) were previously known to
have synergistic effects on pigmentation, and intriguing,
because intracellular proteins have been ideniified
recently that link signals from G-protein-coupled recep-
tors (i.e. Ednrb) to those from receptor tyrosine kinases
(i.e. Kif)3L52, Finally, an interesting candidate for the
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locus on chromosome 8 is none other than the afore-
menticned MclIr, which suggests that melanocortins
and the agouti protein could affect melanoblasts as well
as melanocytes3.

Identification and analysis of the pietald genes and
their modifiers in mice has important implications for
human pigmentation. Mutations of the KIT gene are a
well recognized cause of isolated human piebaldism?
and, recently, a mutation of the EDNRB gene has been
identified in a Mennonite kindred as a cause of intesti-
nal aganglionosis (Hirschsprung disease), piebaldism,
heterochromia irides and deafness33. While a deficiency
of neural crest cells is the underlying defect, the pheno-
type is variably expressed and the presence of pigmen-
tary abnormalities in this disorder, and others, might
well depend on variation at the KIT, MGF or MC1R loci.

Conclusions and future directions

The advances reviewed above can be ascribed
directly to the increasing pace of molecular biology over
the last decade, but would not have been possible with-
out the foresight of mouse and human geneticists who
identified and characteriz»d heritable abnormalities in
pigmentation over the last century. There is, of course,
much work left to do: commitment of a neural crest cell
to the pigment cell lineage is poorly understood, and
the subcellular pathways of melanosome biogenesis are
largely uncharacterized. The resource of previously exist-
ing mouse coat color mutations is far from exhausted,
however, and promises to provide insight into these
problems in the near future. Finally, common variations
in human pigmentation phenotypes are beginning to
vield some secrets, and it should not be too long before
we know whether the light cast by the lamp-post of
previously existing mutations in mice is bright enough
1o understand human eye, hair and skin color.
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