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Abstract

The agouti locus in mouse chromosome 2 regulates the differential

production of eumelanin (black or brown) and phaeomelanin (yellow)
pigment granules. Agouti coloration, which is the true wild-type coat color of
mice, arises because the individual hair shafts are black or brown with a

subapical yellow band. Over 20 distinct alleles have been identified that

form an intricate dominance hierarchy and account for an array of different
phenotypes. Unlike most coat-color genes, which act in a cell-autonomous

manner within the melanocyte, the agouti locus functions from within the

microenvironment of the hair follicle, suggesting that the agouti gene
product participates in an intercellular signaling pathway. The objective of
this dissertation was to learn more about agouti-locus function by analyzing
it at the molecular level.

I utilized a radiation-induced mutation to gain molecular access to

the mouse agouti locus. Characterization of genomic and cDNA clones

revealed that agouti is a large, complex locus that consists of a single gene
that spans over 100 kb of DNA and encodes a novel 131 amino acid protein.

The agouti gene is normally expressed in skin, and more importantly, its
structure and expression are disrupted in a number of mutant alleles.

Furthermore, this gene produces several alternately processed transcripts
that differ in their 5' untranslated regions but splice to the same coding

sequence. These different forms of mRNA are differentially expressed

within the skin, particularly over the dorsoventral surface of the animal. A

model is presented that describes how the agouti protein, which appears to
be secreted, might signal melanocytes to produce eumelanin or

phaeomelanin. Additionally, ectopic overexpression of the agouti gene in
several dominant mutants is responsible for a pleiotropic syndrome that
includes an all-yellow coat, diabetes, obesity, and an increased

susceptibility to tumors. Finally, using a cross-species hybridization
approach, I was able to isolate the human agouti gene. It shares

considerable sequence homology with the mouse gene and maps to
chromosome 20qll; its potential role in human hair pigmentation and
diabetes is discussed.
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BACKGROUND AND SIGNIFICANCE

Analysis of coat color mutations in the mouse has provided one of the

premier systems for studying mammalian gene action and interaction

(reviewed in Silvers, 1979). Because coat-color mutants are readily visible,

they are particularly amenable to genetic and phenotypic analyses. As a

consequence, genetic analyses of coat-color mutants have been conducted for

over 100 years and have led to the identification of over 70 loci that control

coat pigmentation. Phenotypic analyses of coat-color mutants, including

histological examination of wild-type and mutant tissues and numerous in

vitro and in vivo experiments, have complemented the genetic studies by

providing information on the cell biology and biochemistry of pigment-

producing melanocytes. Additionally, genetic and phenotypic analyses have

shown that a number of genes that affect coat color also play crucial roles in

developmental processes such as neural development (Epstein et al., 1991;

Mercer et al., 1991; Hirata et al., 1993), hematopoeisis (Chabot et al.,

Geissler et al., 1988; Witte, 1990, and references therein), gametogenesis

(Chabot et al., Geissler et al., 1988; Witte, 1990, and references therein),

bone resorption (Hodgkinson et al., 1993), eye differentiation (Hodgkinson et

al., 1993), and hearing (Hodgkinson et al., 1993).

Interest in mouse coat-color genetics has recently been bolstered by

the cloning of a number of coat-color genes. A variety of strategies, including

positional cloning (Brilliant et al., 1991; Gardner et al., 1992), examination

of previously cloned genes as candidate genes (Chabot et al., 1988; Geissler

et al., 1988; Epstein et al., 1991; Rinchik et al., 1993; Robbins et al., 1993),

differential hybridization (Shibahara et al., 1986), insertional mutagenesis

(Keller et al., 1990; Mercer et al., 1991; Hodgkinson et al., 1993),

immunobiological screening (Kwon et al., 1987; Jackson et al., 1988; Kwon et

al., 1991; Jackson et al., 1992), exploitation of protein-protein interactions

(Flanagan and Leder, 1990), and traditional protein purification procedures

(Anderson et al., 1990; Huang et al., 1990; Martin et al., 1990; Williams et

al., 1990; Zsebo et al., 1990), have been employed to accomplish this feat.

Molecular characterization of these genes revealed that they encode proteins

such as membrane-bound and soluble ligands (Witte, 1990, and references



therein), a tyrosine-kinase (Chabot et al., 1988; Geissler et al., 1988) and
other types of transmembrane receptors (Gardner et al., 1992; Rinchik et al.,
1993; Robbins et al., 1993), intracellular enzymes (Kwon et al., 1987;
Jackson, 1988; Jackson et al., 1992; Tsukamoto et al., 1992), and helix-loop-
helix-leucine zipper (Hodgkinson et al., 1993) and paired box (Epstein et al.,
1991) transcription factors. These types of proteins are of special interest
because they play important roles in sundry signal transduction pathways.
The papers referenced above, combined with subsequent reports, have
provided considerable insight into the molecular basis of coat pigmentation
and several other developmentally important processes. Furthermore, most
of the coat-color loci that have been identifed in the mouse are conserved

throughout many mammalian species, including humans (Searle, 1968). As
a result, knowledge gained from studying these genes in the mouse can be

directly applied to corresponding human conditions. In fact, mutations of
several human genes that are homologous to mouse coat-color genes are
responsible for inherited diseases in humans that closely resemble the
phenotypes observed in mice (Giebel and Spritz, 1991; Giebel et al., 1991;
King et al., 1991; Baldwin et al., 1992; Fleischman, 1992; Tassabehji et al.,
1992; Getting et al., 1993; Rinchik et al., 1993, Spritz et al., 1993).

The principal cell type involved in coat pigmentation is the neural

crest-derived melanocyte. During embryonic development, melanocyte
precursors, called melanoblasts, migrate from the neural tube to the base of

developing hair follicles (Billingham and Silvers, 1960; Searle, 1968). The
melanoblasts differentiate into melanocytes and essentially function as
unicellular glands by secreting melanin granules into actively growing hair
shafts (Billingham and Silvers, 1960; Searle, 1968). Importantly,
melanocytes produce two distinct types of melanin; eumelanin (black or
brown, depending on alleles present at the brown locus and other coat-color

loci) and phaeomelanin (yellow).

The agouti locus in chromosome 2 of the mouse regulates the
differential production of eumelanin and phaeomelanin. Agouti
pigmentation, which is the true wild-type coat color of mice, arises because
melanocytes initially produce eumelanin, then switch to phaeomelanin
synthesis, and subsequently return to eumelanin production before the hair



growth process is complete (Galbraith, 1964; Sakurai et al., 1975). As a
result, the individual hairs of agouti mice are black or brown with a

subapical yellow band and give the animal an overall grizzled appearance.
At least 20 dominant and recessive agouti alleles form a complex

dominance hierarchy. Alleles associated with increased phaeomelanin
production are generally dominant over alleles associated with agouti
pigmentation, which in turn, are dominant over alleles primarily associated
with eumelanin production. However, the degree of dominance of yellow
pigmentation varies in different regions of the pelage. For example the null
allele, extreme nonagouti (a^), confers a completely black phenotype.
Proceeding up the dominance hierarchy, phaeomelanin first appears near
the extremities in nonagouti (a) while the rest of the pelage remains black.
Phaeomelanin is found in the ventrum and then the dorsum in the

intermediate alleles, black-and-tan (aO, wild-type agouti (A), and white-
bellied agouti (A"^), resulting in mice that have a black dorsum with yellow
ventrum, agouti dorsum with agouti ventrum, and agouti dorsum with
yellow ventrum, respectively. All-yellow dorsal hairs are associated with
only the most dominant agouti alleles (e.g., lethal yellow. Ay; viable yellow,
A^y), which usually confer a completely yellow phenotype with little or no
eumelanin. In other words, the production of phaeomelanin is graded in such
a manner that hair near the extremities (e.g., the pinnae, mammae, and
perineum) has the greatest tendency of being pigmented yellow, followed by
hair across the ventral surface of the animal, and finally by hair across the
dorsal surface of the animal (reviewed in Silvers, 1979).

Genetic data can be interpreted as evidence for the agouti locus being
comprised of either a single gene, which is regulated differently in each body
region, or of several closely linked genes that work in concert (reviewed in
Silvers, 1979). The observation that Ay can recombine with several other

agouti-locus alleles, namely (Russell et al., 1963), a (Siracusa et al.,
1987a), and a' (Siracusa et al., 1987a), certainly supports the multiple gene
hypothesis. The recombination frequency in each case was shown to be on
the order of 0.1%, with Ay lying proximal to (Russell et al., 1963; Siracusa
et al., 1987a). Additionally, the finding that reverse mutations from a to
or A"' are relatively common (Schlager and Dickie, 1967; Dickie, 1969;



Silvers, 1979), whereas all other spontaneous agouti-locus mutations are

quite rare, also suggests that certain agouti-locus alleles may involve a

complex of genetic sites, some of which, as is the case for Ay, are separable

by recombination.

Perhaps the most interesting aspect of the agouti-locus function is its

mode of action. Elegant skin-grafting experiments performed in the 1950s

demonstrated that when melanocytes of one agouti genotype migrate into

the follicular environment of another agouti genotype, they produce pigment

typical of the follicular environment into which they have migrated (Silvers

and Russell, 1955; Silvers, 1958a, 1958b, 1961, 1979). This indicated that

agouti acts from within the microenvironment of the hair follicle, and not

from within the melanocytes themselves. Most other coat-color genes, in

contrast, act in a cell-autonomous manner within the melanocyte. Therefore,

agouti must be regulating coat pigmentation by some direct or indirect form

of cell-cell communication between the follicular environment and the

melanocyte.

The agouti locus is also significant because several dominant

mutations of the agouti gene are associated with embryonic lethality,

obesity, diabetes, or an increased susceptibility to a variety of tumors.

Lethal yellow has the most remarkable phenotype and, as a result, has been

the most intensively studied. Ay was the first embryonic lethal mutation to

ever be reported in a mammal (Cuenot, 1905, 1908). The lethality, which

was revealed as a deviation in normal Mendelian inheritance (Cuenot, 1908;

Castle and Little, 1910; Ibsen and Steigleder, 1917; Kirkham, 1917, 1919),

occurs before implantation is complete (Robertson, 1942; Eaton and Green,

1963; Pederson, 1974; Calarco and Pederson, 1976; Pederson and Spindle,

1976; Granholm and Johnson, 1978) and is associated with defects in both

the trophectoderm and the inner cell mass of blastula-stage embryos

(Papaioannou and Gardner, 1979; Papaioannou, 1988; Barsh et ah, 1990).

In the heterozygous condition (where Ay is balanced with any other agouti

allele). Ay confers an all-yellow coat color, pronounced obesity (Dickerson and

Gowen, 1947; Fenton and Chase, 1951; Carpenter and Mayer, 1958; Plocher

and Powley, 1976; Friedman and Leibel, 1992), a non-insulin-dependent

diabetic-like condition (Hellerstrom and Hellman, 1963), and a propensity



to acquire spontaneous and induced tumors (reviewed in Silvers, 1979; Wolff

et al., 1986; Wolff, 1987). Several other dominant agouti-locus alleles,

including A^y (viable yellow), A^y (intermediate yellow), and A^y (sienna
yellow), confer the same suite of dominant pleiotropic effects as Ay, but with

reduced penetrance (Silvers, 1979). A^y, A^y, and differ from A>', however,
because they are homozygous viable. Lethal nonagouti (a*) is a recessive,

radiation-induced allele, which, like Ay, is lethal when homozygous. The

lethal effect of is distinct from that of Ay, however, since embryos do not

die until shortly after implantation (Russell et al., 1963; Papaioannou and

Mardon, 1983) and, more importantly, because Ay/a^ embryos are perfectly

viable and fertile (Silvers, 1979; Papaioannou and Mardon, 1983).

The agouti locus must be studied at the molecular level in order to

determine whether it is comprised of a single gene or multiple genes and to

elucidate its role in coat pigmentation as well as embryonic development,

diabetes, and tumorigenesis. The endogenous ecotropic murine leukemia

virus Emv-15 has been localized very close to Ay (Copeland et al., 1983), and

probes flanking Emu-15 have been used to initiate a variety of physical

mapping experiments and positional cloning strategies (Lovett and Epstein,

1987; Lovett et al., 1987; Siracusa et al., 1987a; Siracusa et al., 1987b;

Barsh and Epstein, 1989a; Barsh and Epstein, 1989b; Siracusa et al., 1989).

However, the results of certain presumed spontaneous crossover events

indicate that Emu-15 is not responsible for the Ay phenotype and that it

does not lie between Ay and a (Lovett et al., 1989; Russell, 1989). As a

result, despite considerable effort over the past few years, the molecular

structure of the agouti locus has remained uncharacterized.

OBJECTIVES AND OVERVIEW

The objective of this dissertation was to characterize the mouse

agouti locus at the molecular level in order to understand how it normally

regulates coat pigmentation as well as how it contributes to embryonic

lethality, diabetes, obesity, and tumorigenesis when mutated. Each of the

specific aims listed below are addressed in the parts shown in parentheses:



A. To gain molecular access to a region of DNA at the agouti locus (Parts
II and III).

B. To isolate and characterize cDNA and genomic clones representing
the agouti-locus gene(s) (Part IV).

C. To predict how the agouti protein functions based on its deduced
amino acid sequence(s) (Part IV).

D. To elucidate the temporal and spatial patterns of agouti gene
expression (Parts IV and V).

E. To ascertain whether agouti is a single gene or multiple gene locus
(Part rV).

F. To characterize the molecular structure of the a, a^, and alleles in
an attempt to gain insight into each of their unique coat color

phenotypes and identify the mechanism responsible for reverse
mutations from a to or (Part V).

G. To identify and characterize the DNA lesion in Ay in order to

understand the molecular basis for the embryonic lethality of A>'
homozygotes and the dominant pleiotropic effects of A^" heterozygotes
(Parts VI and VII).

H. To determine whether the agouti gene has been conserved in humans
and evaluate its potential function (Part VIII).
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PART II

MOLECULAR AND GENETIC CHARACTERIZATION OF A

RADIATION-INDUCED STRUCTURAL REARRANGEMENT IN
MOUSE CHROMOSOME 2 CAUSING MUTATIONS AT THE LIMB

DEFORMITY AND AGOUTI LOCI
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ABSTRACT

Molecular characterization of mutations in the mouse, particularly

those involving agent-induced major structural alterations, is proving to be

extremely useful for correlating the structure and expression of individual

genes with their function in the whole organism. One radiation-induced

mutation simultaneously generated new alleles of the limb deformity {Id)

and agouti (a) loci, two regions of chromosome 2 normally separated by 20

cM. Cytogenetic analysis provides evidence that an interstitial segment of

chromosome 17 (17A2-17B) has been translocated into the distal end of

chromosome 2, resulting in a smaller-than-normal Chromosome 17 (17^)
and a longer form of chromosome 2 (2i^). Additionally, an interstitial

segment of chromosome 2 (2E4-2H2), immediately proximal to the insertion,

does not match the corresponding normal segment. Molecular probes from

an insertional mutation at the Id locus in a transgenic mouse allowed us to

clone a DNA structural rearrangement associated with this radiation-

induced mutation. Analysis of this rearrangement indicated that a region at

or near the a locus has become juxtaposed with a portion of the Id locus on

the mutant chromosome. Our data suggest that the two new mutations

arose by an inversion of a section of Chromosome 2 with DNA breakpoints

and sequence disruptions in the Id and a loci.

INTRODUCTION

Molecular characterization of mutations is a powerful way of

correlating the structure and expression of genes with their function in the

organism. In mice, mutations produced in chemical- and radiation-

mutagenesis programs are important tools for the characterization of the

mammalian genome. Many of these mutations are major structural

chromosomal alterations, namely, deletions, inversions and translocations,

and are particularly useful for functional studies of the mouse genome. For

example, deletion mutations, arising mainly from radiation-exposure

experiments, are being used as tools in complementation (Russell, 1989)

and saturation mutagenesis (Rinchik et al., 1989) experiments to define and
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study the function of individual genes located in several different regions of

the genome. DNA probes mapping to the deleted regions (Johnson et al.,

1989) are being used to derive physical maps of deleted genome sections and

to clone and characterize the genes associated with these regions (Johnson

et al., 1989).

Here we describe the genetic, cytogenetic and molecular

characterization of a complex, radiation-induced chromosomal

rearrangement in the mouse associated with two phenotypes controlled by

chromosome 2 loci. These loci. Id (limb deformity) and a (agouti), normally
are separated by 20 centimorgans (cM). The Id locus was originally defined

over 30 years ago by two independently arising spontaneous mutations, one

at the Oak Ridge National Laboratory and the other at the Jackson

Laboratory (Cupp, 1962; Green, 1962; Green, 1968). This locus, which

became accessible at the molecular level with probes derived from an

insertional mutatation in a transgenic mouse (Woychik et al., 1985), is
associated most notably with a skeletal abnormality affecting both the fore-

and hindlimbs of the animal and with kidney defects (Cupp, 1962; Green,

1962; Green, 1968; Kleinebrecht et al., 1982; Woychik et al., 1985; Zeller et

al., 1989). The a locus regulates the distribution of the eumelanin and

phaeomelanin pigments in individual hairs as well as over the entire coat

(Silvers, 1979; Green, 1981). Additionally, analysis of radiation-induced

mutations has revealed the presence of genes within or near the a locus that

regulate embryonic development (Russell, 1989;,Silvers, 1979; Green, 1981;

Siracusa et al., 1987a). Despite a considerable effort, using genetic mapping
and molecular "walking" techniques, the gene associated with the nonagouti
phenotype has not been cloned (Siracusa et al., 1987b; Lovett et al., 1987;
Siracusa et al., 1989; Barsh and Epstein, 1989). The radiation-induced

mutation described here involves an inversion of chromosome 2 that has

allowed us to use probes from the Id locus to "jump" to a region tightly
linked to the a locus. Consequently, we have been able to derive DNA probes
within or very close to the genes associated with this developmentally
interesting region of the genome.
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MATERIALS AND METHODS

Mutagenesis and Genetic and Cytogenetic Analysis

A  source was used to generate gamma radiation, delivered at a

dose rate of 0.7 R/min (lR=0.258mC/kg). (C3H/R1 X 101/Rl)Fi males, of

agouti-locus genotype AJA^, were irradiated with 300 R and subsequently
mated to (SEC/Rl X C57BL/E) Fi females of genotype a/a; +/6; + +ld se.

The mutant described in this report was conceived 41 weeks after

irradiation and was therefore derived from an irradiated spermatogonial

stem cell. All stocks of mice employed in the radiation experiment, as well

as those used in subsequent crosses of the mutant and his descendants,

were bred at the Oak Ridge National Laboratory. All methods for

cytogenetic analysis were as described previously (Pathek et al., 1975). The

M spretus/M. musculus backcross experiments were conducted as described

(van der Meer-de Jong et al., 1990).

Northern and Southern Blot Analysis

For Southern blots, 10 |xg of genomic liver DNA was digested with

restriction enzymes, electrophoresed through agarose gels and blotted and UV

cross-linked to Genescreen (Dupont) using standard procedures (Ausubel et al.,

1988). For Northern blots, poly(A)"^ RNA, prepared from 500 pg of total RNA,
was electrophoresed in formaldeyde gels and blotted and UV cross-linked to

Genescreen (Dupont) using standard procedures (Ausubel et al., 1988; Maniatis

et al., 1982). All blots were probed with random-hexamer labeled double-

stranded restriction fragments (Feinberg and Vogelstein, 1984).

Cloning the DNA Breakpoint Within the Id Locus

A total of 250 pg of genomic liver DNA from a male heterozygous for the

rearrangement was digested to completion with EcoRI and size fractionated on a

10-40% sucrose gradient (Ausubel et al., 1988; Maniatis et al., 1982). An

EMBL4 phage library, prepared with fractions containing 6.5-7.5-kb fragments,

was screened using standard procedures using a region of the Id locus as a probe

(Ausubel et al., 1988; Maniatis et al., 1982). The fragments of interest were

subcloned into the pGEM4 vector (Promega), restriction mapped, and partially
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sequenced using standard procedures (Ausubel et al., 1988; Maniatis et al.,

1982).

RESULTS

Mutant Recovery and Genetic Analysis
Among 2870 male offspring of irradiated (C3H/R1 X 101/Rl)Fi males

(A/A^) mated to (SEC/Rl x C57BL/E)F2 females (aid), there was one

nonagouti male, presumed to be a/a*, where a* represents a mutation

involving the a locus on either the A or A^ chromosome. In crosses to a/a

mice, this mutant male produced 52 nonagouti offspring, and no other types.
In crosses to A/A stocks, 17 offspring were obtained, and all were agouti.

Also, in crosses to A/a mice, 6 agouti and 10 nonagouti offspring were

obtained. These results indicate that a* is recessive to A, and is either

equivalent or recessive to a.

The mutant was revealed to be "partially sterile" due to embryonic

death of some of his progeny. In matings with 12 normal females, 29% of the

conceptuses were found to die at around the time of implantation. Among

surviving sons of the mutant, 19 were also "partially sterile" (with, again,

29% of their conceptuses dying at around implantation), whereas two were

completely sterile, and 22 had normal fertility.

Homozygotes were obtained from matings of partially sterile males to

daughters of partially sterile males. Such homozygotes of either sex were

found to be fully fertile, allowing establishment of a homozygous stock. The

phenotype of the homozygous animals resembles aJ/aJ "jet" (probably
equivalent to a^/a^, extreme nonagouti), which is recessive to a. Crosses of

homozygotes to aJ/aJ produced only jet offspring.

Unexpectedly, these homozygous a*/a* jet-colored animals also had

severely deformed fore- and hindlimbs. Close examination of alizarin-red-S

stained skeletons from 19 homozygous, young adult mice revealed an

abnormality where, in all cases, there was an absence of at least two digits
on each extremity, radioulnar synostosis, complete fibular aplasia, and

aplasia or hypoplasia of some carpals and many tarsals. Some variable

features were also observed, which included honey syndactyly and
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brachydactyly, fusions of various carpals and tarsals, malpositioning of the

patella, and hindfeet that do not point in the correct direction. In extreme

cases, the hindfeet contained only a single digit, or the foot articulated with

a projection from the side of the tibia instead of from the distal end of the

tibia. The defects were bilateral but generally asymmetric. The radioulnar

synostosis could often be interpreted as also involving radial hypoplasia

except near the elbow, and, in some mice, there appeared to be no radius.

In addition to the skeletal malformations, kidney defects were also

observed in homozygous progeny from crosses involving heterozygotes and

homozygotes in various combinations. The kidneys of eleven post-weaning

mice, nine of which were homozygotes and expressed the limb defect, were

analyzed. Six of the 9 animals with the limb defect had renal abnormalities

consisting of various degrees of hydronephrosis and hydroureter, and 1

animal had unilateral aplasia and hypoplasia. None of the animals with

normal limbs had kidney defects. Additionally,, kidneys were examined in

133 fetuses at day 17, of which 80 clearly expressed the limb defect. In this

case, 17 of the 80 fetuses with the limb defect had urinary-tract defects,

including dilation of one or both ureters (ten fetuses), renal hypoplasia (five

fetuses), and renal agenesis (two fetuses). None of the fetuses with normal

limbs showed any kidney defects.

Since the limb and kidney defects resembled the phenotype of the Id

mutation, various crosses were made between mice carrying the radiation-

induced mutation described above and mice of a stock carrying the allele

(Cupp, 1962). The results of these crosses clearly reveal that the new

mutation is allelic to Id (Table 1). Therefore, the new mutation involves

alterations at two different loci, a and Id, which are normally separated by

20 cM on the standard genetic map (Davisson and Roderick, 1978).

Cytogenetic Analysis Reveals A Chromosomal Rearrangement

The partial sterility of the original mutant and some of his

descendents suggested that the radiation-induced mutation might have

resulted from a chromosomal rearrangement. Therefore, karyotypes were

prepared of Giemsa-banded metaphase chromosomes from four

phenotypically normal heterozygous adults (2 males, 2 females), and from
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two adult homozygous males expressing both the nonagouti and limb-
deformity conditions (Fig. lA). Although high-resolution Giemsa-banding
analysis has thus far failed to provide a definitive C3d;ogenetic interpretation
of this mutation, it is clear that all karyotypes show a longer-than-normal
chromosome 2 (designated 21'^) and a shortened chromosome 17 (designated
IVdel) (Fig lA). The banding pattern suggests that an interstitial segment
of chromosome 17, involving bands 17B-17C, integrated into the subdistal

region of chromosome 2 proximal to band 2H2 (Fig. IB). (An alternative
interpretation is that bands 17A2-17B are inserted in the same location but

in an inverted fashion.) In addition, a segment of the 2^7 chromosome

immediately proximal to the insertion does not match the 2E4-2Hlsegment
of the normal chromosome 2 and is presumably rearranged (Fig. 1).

Altered Gene Expression at the Id Locus

We were interested in analyzing how this new mutation affects the

expression of a gene at the Id locus whose structure and patterns of
expression will be described in detail elsewhere (R.P.W., R. Maas, R. Zeller,
T. Vogt, and P. Leder, unpublished results). In brief, this gene is
structurally very complex and is capable of producing a family of mRNAs by
alternate tissue-specific splicing and the utilization of multiple
polyadenylation sites. Expression of this gene is normally detectable in
numerous sections of the developing fetus as well as in several tissues of the

adult (Zeller et al., 1989; R.P.W. et al., unpublished results). The composite
structure of some RNA transcripts produced from this gene was derived
from overlapping cDNA clones and is shown in Figxme 2A.

By using a small 0.7-kb section of cDNA as a probe (Fig. 2A), the
analysis of RNA from the adult brain, kidney, testes, salivary gland, and
small intestine revealed that the expression of this gene is markedly altered
in animals homozygous for the radiation-induced mutation (Fig.2B). With
the exception of a very small transcript in the testis, none of the normal

transcripts, covering a range of sizes up to approximately 13 kb, were
detectable in any of the mutant samples (Fig. 2B). However, aberrant-sized
transcripts were observed in the brain and testes of the mutant animals.
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DNA Breakpoint in the Id Locus

To test the hypothesis that the the altered expression of the gene at

the Id locus was caused by a radiation-induced DNA structural

rearrangement, we searched for an altered-size DNA fragment unique to the

mutant allele and not detectable in the DNA from either the C3H or the 101

inbred parents. When the same region of cDNA that had been used for the

Northern blot in figure 2B was employed as a probe, an altered-size DNA

fragment was observed with each of several different restriction enzymes,

including £JcoRI, Xba I, and HindUl (Fig. 3A). The observation that multiple

enyzmes generated a DNA fragment unique to the mutant allele suggested

that this region of the Id locus had undergone a structural rearrangement.

To characterize the structural rearrangement, the normal 6.5-kb and

the corresponding mutant 7.5-kb F/coRI fragments (Fig. 3A), were cloned and

analyzed (Fig. 3B). Hybridization and nucleotide-sequencing experiments

revealed that the two clones diverged in sequence at a position

approximately 0.9-Kb from the 3' end of the normal 6.5-kb fragment (Figure

3B; S.B., C. Tancongco, R.P.W., unpublished results). Therefore, the 7.5-kb

fragment arose from a structural alteration of the Id locus.

Mouse-hamster somatic cell hybrids were used to determine whether

this structural alteration represented a DNA breakpoint region in the 2^^^

chromosome associated with the inserted sequences from chromosome 17.

A DNA probe, corresponding to a 0.2-kb restriction fragment unique to the

region 3' to the breakpoint on the mutant 7.5-kb fragment (Fig. 3B), was

hybridized to DNA from mouse-hamster somatic cell hybrids containing,

along with other mouse chromosomes, either both chromosomes 2 and 17

(hybrid line BEM 1-4) or just mouse chromosome 17 (hybrid line R44-1)

(D'Eustachio et ah, 1987). Results showed that the probes hybridized to

chromosome 2 but not chromosome 17 (data now shown). Therefore, the

alteration in the Id locus represented by the cloned 7.5-kb fragment did not

involve the DNA breakpoint associated with the insertion of the

chromosome 17 sequences.

In additional experiments, this same probe, derived from the region 3'

to the breakpoint on the 7.5-kb fragment, was hybridized to DNA from 91

different M.spretus/M.musculus backcross animals (van der Meer-de Jong et
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al., 1990). Mspl digestion of the DNA allowed us to differentiate the M.

spretus from the M. musculus hybridizing alleles and to determine the

genetic distance of the sequence 3' to the breakpoint on the 7.5-kb fragment

relative to the normal Id and a loci, which had been mapped previously in

this manner (R. van der Meer-de Jong et al., unpublished results). As shown

in Fig. 4, a total of 13 backcross animals (14%, with 95% confidence limits

7.7 and 22.7) were recombinants between the breakpoint sequence on the

7.5-kb fragment and the Id locus. This is comparable to the established 20

cM distance between Id and a loci 22). However, there were no recombinants

between this sequence and the a locus (upper 95% confidence limit of zero

recombination frequency, 4%), indicating that the sequence 3' to the

breakpoint on the mutant 7.5-kb fragment is normally tightly linked to the a

locus. Therefore, the Id locus is juxtaposed with a region at or near the a

locus to form the structurally altered 7.5-kb FJcoRI fragment on the mutant

allele.

DISCUSSION

A mouse mutation that is allelic to both Id and a arose in a radiation-

mutagenesis experiment. Cytogenetic analysis revealed that a short

interstitial segment of chromosome 17 (17B-17C; or, possibly, inverted

17A2-17B) was inserted into the distal region of chromosome 2, proximal to

band 2H2 and that a large segment in the 2^^ chromosome, immediately
proximal to the insertion site, did not match the 2E4-2H1 region of the

normal chromosome 2 (Fig. 1). Molecular analysis revealed that a region at

or near the a locus has been joined to the Id locus in the mutant allele.

Based on the genetic, cytogenetic and molecular findings presented here, we

are proposing that the nonmatching interstitial segment, probably

containing bands 2E4-2H1, was inverted on the 2^'^ chromosome, with DNA

breaks and sequence disruptions in the Id and a loci. Also, based on the

cytogenetic analysis, we are speculating that the 17B-17C (or possibly,

17A2-17B) interstitial segment on chromosome 17 had integrated at a point

immediately adjacent and distal to the 2E4-2H1 inverted region of the 2^^^

chromosome. On the basis of the available evidence concerning this
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structural rearrangement, we have designated the mutation

Is(17;In2)Zc?,a/lGso. For convenience, the name of the rearrangement will be

abbreviated to IslGso, and the genotype at the mutant loci will be

designated as

The DNA breakpoint within occurs at a position that is

approximately 8 kb on the 3' side of the site where the transgene integrated

in the insertional allele, Id^^ (Fig. SB) (Woychik et al., 1985). The close
proximity of the structural alteration in the Id^d and the Id^^^ mutations

not unexpectedly leads to a similar disruption in the expression of the gene

at the Id locus. In experiments to be described elsewhere (D. Maas et al.,

unpublished results), the analysis of RNA from several adult tissues

indicated that the alteration in the expression of this gene in Id^^^ is similar

to that observed with Id^d The fact that the expression of this gene is
disrupted by both of these alleles of Id provides compelling evidence that

this particular transcription unit represents the gene that is directly related

to the mutant phenotype.

The inversion in the structurally altered chromosome 2 in the IslGso

rearrangement has allowed us to jump directly from the cloned region of the

Id locus to a region within or very close to the a locus. The proximity of this

cloned region to the a locus, in addition to its association with the a locus

phenotype of the mutation described here, leads us to hypothesize that the

breakpoint region on the 7.5-kb mutant fragment (Fig. 3) is very close to, or

possibly within, the gene directly associated with the extreme-nonagouti

("jet") phenotype. If correct, this is of considerable significance in that it

may now provide us with molecular probes to initiate a study of the

molecular biology of the genes situated at the a locus. However, before any

detailed analysis can be performed, it will first of all be necessary to map

this putative agouti-region probe relative to the mutations at this locus. A

number of agent-induced mutations that have been generated over the past

several decades should be particularly useful for this purpose.
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Table 1. Manifestation of allelism between R* and IdP^ as expressed
by limb morphology of progeny.

Mice, no.

Cross Abnormal Normal

R/R X IdOR/ldOR 48 0

R/ldOR X R/ldOR 73 0

IdOR/ldOR X mdOR 78 0

ldORl+ X R/R 58 49

The R* designation refers to the radiation-induced mutation IslGso.
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FIGURES
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Figure 1. Structure of the rearranged chromosomes 2 and 17 in the

radiation mutant.

(A) Chromosomes from Giemsa-banded mitotic metaphase
karyotypes. From left to right, normal chromosome 2, rearranged
chromosome 2 (designated 21'^), normal chromosome 17, and deleted
chromosome 17 (designated 17del). (B) G-banding diagrams illustrating the
proposed structure for the radiation-induced chromosomal rearrangement
involving chromosomes 2 and 17 (see text). Broken, curved arrows show the
position of the inverted 2E4-2H2 section of chromosome 2. Solid linear

arrows between chromosomes 2 and 21'^ show the position of the interstitial

segment of chromosome 17 that has integrated into the distal portion of
chromosome 2, immediately adjacent and proximal to the 2E4-2H2
inversion. The probable positions of the a and Id loci relative to the banded
map are shown to the left of the diagram for the normal chromosome 2.
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Figure 2. RNA expression from a complex gene located at the Id

locus.

(A) Structure of mRNAs expressed from this gene as derived from

overlapping cDNA clones (R.P.W. et al., unpublished results). Solid box

represents a putative protein coding region; narrow lines represent

noncoding regions. The designation An refers to the sites of polyadenylation.

(B) Northern blot of Poly(A)'^ RNA from the adult brain (B), kidney (K),
testes (T), salivary gland (S), and small intestine (I) of the radiation-induced

homozygous mutant (left) and wild-type (right) animals. A total of 500 |ig of

total RNA was oligo-dT selected and loaded into each lane of the gel. The

probe was a 0.7-kb fragment of cDNA corresponding to the sequence

immediately 5' to the first polyadenylation site (see A). Numerals refer to

RNA size markers in kb.
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Figure 3. Identification of rearranged DNA fragments at the Id locus
of the radiation-induced mutation.

(A) Genomic DNA, prepared from the liver of mice homozygous (lane
1) or heterozygous (lane 2) for the radiation-induced mutation, was digested
with Xbal, Hindlll, or FcoRI, transferred to a nylon membrane, and probed
with the 0.7-kb fragment shown in Fig. 2A. Several genomic fragments were
detected with this cDNA probe; arrows identify aberrant sized DNA
fragments, unique to the mutant locus. Numerals refer to DNA size
markers in kb. (B) Structure of the cloned 7.5-kb mutant, and
corresponding normal 6.5-kb, FcoRI fragments. The boxed region at the 3'
end of the 7.5-kb clone represents a segment of the rearranged portion of the
Id locus in the mutant allele. The position of the 6.5-kb normal fragment on
a larger region of genomic DNA is also shown along with the position of the
radiation-induced breakpoint in the mutant allele and the transgene
integration site in the insertional mutant, (Woychik et al., 1985).
Small solid boxes represent two exons of the gene on the genomic DNA
(R.P.W. et al., unpublished results).
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Figure 4. Genetic mapping of the IslGso breakpoint sequence.

Analysis of 93 N2 progeny derived from a (C57BL/10Nimr-+/Se>'-^^X
Mus spretus)Fl X C57BL/10Nimr backcross described (van der Meer-de Jong
et al., 1990; R. van der Meer-de Jong et al., unpublished results). Genotypes
at the agouti locus were scored by examination of coat color (agouti versus
black [nonagouti]). For the genotype analysis of the limb deformity locus,
genomic DNA samples were digested with HindlW and probed with a 1.5-kb

Sau^A-Pvull fragment located approximately 7-kb 3' to the transgene
integration site in the allele (Woychik et al., 1985). For genotyping of
the breakpoint sequence, samples were digested with Mspl and probed with
a 0.2-kb Puull fragment (called "breakpoint sequence" in the figure) derived
from the region 3' to the breakpoint on the cloned 7.5-kb mutant FcoRI

shown in Fig. 3B. "B" indicates the C57BL/10 allele, and "S" indicates the
Mus spretus allele. Each column represents the genetic composition of the
chromosome inherited from the Fi parent for the three loci. The numeral

above each column represents the number of progeny that inherited a given
chromosome.
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PART III

MOLECULAR CHARACTERIZATION OF A REGION OF DNA

ASSOCIATED WITH MUTATIONS AT THE AGOUTI LOCUS IN THE

MOUSE
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ABSTRACT

Molecular characterization of a radiation-induced agouti (a) locus

mutation allowed us to isolate a segment of DNA that maps at or near the a

locus on chromosome 2 in the mouse. This region of DNA is deleted in

several radiation- and chemical-induced homozygous-lethal a-locus

mutations and is associated with specific DNA structural alterations in two

viable a-locus mutations. We propose that DNA probes from this region of
chromosome 2 will be useful for ultimately characterizing the individual

gene or genes associated with a-locus function.

INTRODUCTION

The agouti (a) locus in chromosome 2 of the mouse controls the

production of two distinct types of pigment, phaeomelanin (yellow) and
eumelanin (black or brown, depending on alleles present at other loci), by the
melanocytes within the hair follicle. Under control of the a locus, individual

hairs may contain only eumelanin, only phaeomelanin, or a subapical band
of phaeomelanin in an otherwise eumelanotic hair (agouti type). The a locus

also regulates the distribution of phaeomelanotic, eumelanotic, or agouti
hair over the surface of the animal; certain genotypes show a marked

variation in dorso-ventral pigmentation, whereas others exhibit differential

pigment patterns in various regions, including the perineum, pinnae,
nipples, flanks, and tail. Interestingly, the regulatory signal produced by the
a locus to control pigmentation does not originate within the melanocytes
themselves but is transmitted from the follicular environment within which

the melanocytes reside (Silvers, 1958a; 1958b; 1961; 1979; Silvers and

Russell, 1955).

To date, 18 dominant and recessive alleles and pseudoalleles have

been described for the a locus (Green, 1989), and numerous other alleles,
some associated with chromosome rearrangements, have been recovered in

mutagenesis studies (Woychik et al., 1990; Russell et al., 1990; L.B.R.,

unpublished). Genetic data can be interpreted as evidence for a complex,
multiallelic gene that is regulated differently in each body region or as
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evidence for the existence of several closely linked genes that work in concert

(Silvers, 1979). A^, lethal-yellow, described in 1905 (and the first lethal

gene ever reported in a mammal) (Cuenot, 1905), has been shown to

recombine with a number of a-locus alleles-namely (lethal nonagouti)

(Russell et al., 1963), (black-and-tan) (Siracusa et ah, 1987a), and a

(nonagouti) (Siracusa et ah, 1987a)-the recombination frequency in each

case being of the order of 0.1%, with lying proximal to (Russell et ah,

1963; Siracusa et ah, 1987a). One crossover product in each case (the

presumed double wild type) was indistinguishable from A; the other product

(presumed double mutant) has not been identified. The finding that among

spontaneous a-locus mutations, certain ones (specifically, a to a^ and a to

A"') are common, whereas others are quite rare, also suggests that "a-locus

alleles" may involve a complex of genetic sites, some of which, as is the case

for A^, are separable by recombination.

Although considerable effort has been expended in investigating the

genetics and biology of the a-locus region, the structure and expression of the

gene(s) remain unknown. The endogenous ecotropic murine leukemia virus

Emv-lb has been localized very close to A^, and probes flanking Emv-lb

have been used for physical mapping experiments (Copeland et ah, 1983;

Lovett and Epstein, 1987; Lovett et ah, 1987; Siracusa et ah, 1987a;

Siracusa et ah, 1987b; Barsh and Epstein, 1989a; Barsh and Epstein,
1989b; Siracusa et ah, 1989). However, the results of certain presumed

spontaneous crossover events indicate that Emv-\^ does not lie between A^

and a (Russell, 1989).

We have earlier reported the derivation of a DNA probe associated

with a radiation-induced a-locus mutation (Woychik et ah, 1990). Here we

describe how we have used this DNA probe to detect genomic alterations in

chromosomes carrying mutations that express the a) phenotype {aJ, jet-
black, is probably equivalent to a®, extreme nonagouti). The data we present

support the hypothesis that this region of DNA is directly associated with

the a locus, and that cloned segments of DNA from this region will be useful

for the ultimate characterization of the individual gene or genes directly

associated with a-locus function.
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MATERIALS AND METHODS

Animals

All mice were bred at our laboratory in stocks propagating induced

mutations. Five of the mutations were induced at Oak Ridge (Woychik et
al., 1985; L.B.R., W.L. Russell, and P.A. Hunsicker, unpublished); one was

induced at Harwell (Lyon et al., 1985).

Southern Blotting

Ten |ig of genomic adult liver or tail DNA was digested with

restriction enzymes, electrophoresed through agarose gels, and blotted to

GeneScreen (Dupont) with standard procedures (Ausubel et al., 1988;
Maniatis et al., 1982). Radiolabeled hybridization probes were prepared
with the random-hexamer labeling technique (Feinberg and Vogelstein,
1984).

Cloning of a 5.5-kb Wild-type Fragment From a Region
Corresponding to the Distal Inversion Breakpoint of IslGso

A total of 250 pg of genomic adult-liver DNA from an IslGso

heterozygote (Woychik et al., 1990) was digested to completion with EcoRI
and size-fractionated on a 10-40% sucrose gradient (Maniatis et al., 1982).
An EMBL4 phage library, prepared with fractions containing 5- to 6-kb

fragments, was screened with standard procedures utilizing a 0.2-kb Pvull
fragment from the cross-hatched region of the 7.5-kb EcoRI rearranged
fragment corresponding to probe A in Fig. lA (Maniatis et al., 1982; Ausubel
et al., 1988; Woychik et al., 1990). The 5.5-kb EcoRI fragment was then

subcloned into the pGEM4 vector (Promega), restriction mapped, and
partially sequenced as described (Maniatis et al., 1982; Ausubel et al.,

1988).

Cloning a Rearranged Fragment Associated with the a^MNU Mutation

A total of 500 ̂ g of genomic tail DNA from an a^MNUifjSMNU

homozygote was partially digested with SawSA and size-fractionated on a

10-40% sucrose gradient (Maniatis et al., 1982). An EMBL3 phage library



48

was prepared with fractions containing 15- to 20-kb fragments and was

screened by standard procedures (Maniatis et al., 1982; Ausubel et al.,

1988) utilizing a 1.0-kb EcoRl-Xhal fragment from the distal end of the 5.5-

kb EcoiEl fragment as a probe (see probe B, Fig. lA). A rearranged 3.5-kb
EcoBl fragment was subcloned into pGEM4 (Promega), restriction mapped,
and partially sequenced as described (Maniatis et al., 1982; Ausubel et al.,
1988). Oligonucleotide primers were synthesized to facilitate the

sequencing of the deletion breakpoint region.

Cloning a Large Region of DNA at or Near the Agouti Locus

A total of 250 pg of genomic liver DNA was partially digested with

SauSA and size-fractionated on a 10-40% sucrose gradient (Maniatis et al.,
1982). Fractions containing 35- to 45-kb fragments were ligated into the

cosmid vector c2RB (Bates and Swift, 1983), packaged in vitro, and screened

by standard procedures using a 0.2-kb Pvull fragment from the hatched

region of the 7.5-kb EcoRI rearranged fragment corresponding to probe A in
Fig. lA.

RESULTS

Identification of a DNA Probe Deleted in Several Radiation- or

Chemical-Induced a-Locus Mutations

We previously described the genetic, cytogenetic, and molecular

characterization of a new radiation-induced mutation that simultaneously
gave rise to new alleles at the limb deformity (Id) and a loci, two regions

normally separated by 20 cM on mouse chromosome 2 (Woychik et al.,
1990). This mutation, Is(17;In2)/d,a/TGso (abbreviated IslGso), contains an
inversion of chromosome 2 that involves a segment lying between the limb

deformity (Id) locus and a site that maps at or near the a locus (Woychik et
al., 1990). At the proximal end of the inversion, the breakpoint in the DNA

caused a physical disruption and alteration in the expression of the gene
giving rise to the formin family of mRNAs. The disruption of this gene

appears to be associated with the limb-deformity defect in this and the

mutant (Maas et al., 1990; Woychik et al., 1990). Since the extreme
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nonagouti phenotype arose simultaneously with the limb-defect pheontype

in IslGso, we reasoned that it was possible that the DNA breakpoint at the

distal end of the inversion had caused a physical disruption and alteration

in the expression of a gene directly associated with the nonagouti trait in

this mutant.

To begin to test the possibility that the distal inversion breakpoint in

IslGso might be associated with a gene at the a locus, we utilized a DNA

probe (probe A in Fig. lA), consisting of a sequence adjacent to the proximal

DNA breakpoint (hatched segment of the 7.5-kb fragment in Fig. lA), to

determine whether this region of the genome is altered in four radiation- or

chemical-induced agouti mutations. These four mutations,

and all express the aJ {aJ, jet-black; probably equivalent to a®, extreme

nonagouti) phenotype and are lethal in the homozygous condition (Table 1).

Viable compound heterozygotes were produced for this experiment by

balancing each of these alleles with IslGso. One DNA breakpoint of IslGso

is near the segment that was used as a probe, so the IslGso allele provided

us with an EcoRl restriction fragment length variant (RFLV) for this region

of DNA; the IslGso allele is associated with a 7.5-kb £JcoRI fragment, while

the wild-type allele appears as a 5.5-kb FJcoRI fragment. Therefore, this

RFLV allowed us readily to determine whether the region identified by the

probe was deleted in these agent-induced mutations.

Analysis of FJcoRI-digested DNA from the above IslGso/o/' compound
heterozygotes, as expected, revealed that each contained the 7.5-kb IslGso-

specific fragment; none of the samples yielded a wild-type size 5.5-kb

fragment, or any other detectable fragment, associated with the agent-

induced allele (Fig. IB, lanes A-D). To rule out the unlikely possibility that

the induced allele in each of the four mutations might appear as a 7.5-kb

fragment that co-migrates with the IslGso-specific fragment, we analyzed

DNA from heterozygotes containing a balancing chromosome with a normal-

sized 5.5-kb fragment (Fig. IB, lanes H-L). No fragments of a length other

than 5.5 kb were detectable. These data clearly indicate that all four of

these a-locus mutations contain a deletion in the region corresponding to the

distal inversion breakpoint in IslGso and supports the hypothesis that this

section of chromosome 2 contains at least one gene associated the a locus.
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Characterization of the Structure of the Distal Inversion Breakpoint

in IslGso

The above data indicate that large radiation- and chemical-induced

deletion mutations are useful for initially mapping DNA probes to the

general vicinity of a particular gene on the genome. However, such

mutations are often associated with the deletion of hundreds, thousands, or

perhaps even millions of base-pairs of DNA sequence and, therefore, may be

deficient in multiple genes, not all of which are directly related to the

phenotype of interest (Rinchik and Russell, 1990). Viable mutations, on the

other hand, are potentially more useful than large deletions for locating

specific genes in the DNA because any structural alteration is more likely to

affect only the expression of the gene directly associated with the phenotype

under consideration. For this reason, we subsequently focused our attention

on the analysis of viable nonagouti mutations in an attempt to identify a

gene associated with the function of the a locus.

Since the IslGso mutation is a viable allele at the a locus, we

continued our analysis of this mutation, concentrating on the DNA

structural alteration at the distal inversion DNA breakpoint. As described

above, the initial hypothesis was that the distal inversion breakpoint itself

caused a disruption of the expression of a gene directly associated with the

function of the a locus. While this may have been the case, it was also

possible that during the process of generating the chromosomal structural

alterations in IslGso, a modest-sized segment of DNA had been deleted

from the distal breakpoint region on chromosome 2. (It was unlikely that a

large deletion had occurred since the mutation is viable.)

To begin to test this possibility, we cloned and characterized the wild-

type 5.5-kb F^coRI fragment that hybridized with the probe used in the

experiment described in Fig. 1. One end of this wild-type 5.5-kb jEcoRI

fragment contains all of the 1.9 kb of sequence located adjacent to the

proximal inversion breakpoint in IslGso (corresponding to the hatched box

at the end of the 7.5-kb rearranged fragment in Fig. lA), whereas the other

end of the fragment contains the remaining 3.6 kb of sequence. A probe

prepared from the distal end of the remaining 3.6 kb of sequence (probe B,
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Fig. lA) detected mutant allele-specific RFLVs in FJcoRI- and Pstl- but not

BamHl- digested genomic DNA of wild-type, heterozygous and homozygous

animals from the IslGso line (Fig. 2). The IslGso RFLV detected with this

probe occurs at a position within a small interval between a Pstl and BamHl

site on the 5.5-kb fragment (indicated with asterisks in Fig. lA). Since this

small interval occurs at approximately the same position as the structural

alteration site detected on the 7.5-kb fragment-i.e., 1.9 kb from the proximal

end of the 5.5-kb fragment-it appears that no significant deletion had

occured at the distal inversion breakpoint site of IslGso. In fact, in

additional experiments to be described elsewhere, DNA sequence analysis of

cloned fragments from this region revealed that only 29 base pairs (bp) of

sequence were deleted from the distal inversion breakpoint site (S.J.B.,

R.P.W., unpublished results). No additional structural alterations were

detected in this region of the mutant allele. This result supports our

prediction that a gene associated with the function of the a locus has been

disrupted by the breakage of the DNA at the distal inversion site of IslGso.

Characterization of a Structural Alteration in the a^MNU Viable a-

Locus Mutation

Major structural alterations like IslGso could exert position effects

on genes that are not located at the actual DNA structural alteration site.

Therefore, although we have demonstrated that no additional major

structural alterations occurred in the region near the distal DNA inversion

breakpoint of IslGso, it was possible that the expression of the gene or genes

at the a locus might be affected from a distance, and that the a locus might

not map within the immediate vicinity of the breakpoint region. For this

reason, we examined other viable a-locus mutations with the DNA probes

derived from the IslGso distal breakpoint region.

One viable mutation, arose in a specific-locus experiment

(W.L. Russell, unpublished results; Russell et al., 1990) six weeks after

methylnitrosourea exposure of differentiating spermatogonia (Table 1).

DNA from an a^MNUjaSMNU homozygote, along with DNA from the C3H and

101 parental types, was digested with FJcoRI, Pstl, and BamHl. The

samples were then hybridized with probe A or probe B, derived from either
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the proximal or distal ends of the normal 5.5-kb fragment (Fig. lA).

Although the distal probe B hybridized to an identical BamVLl fragment in

mutant and wild-type DNA, nonparental fragments were detected in the

£^coRI and Ps^I-digested mutant samples (Fig. 3). Also, a deletion of the

region of DNA corresponding to the proximal probe (probe A) had occurred in

this mutant (Fig. 3). This result indicated that, in a DNA structural

rearrangement, which included a deletion of the proximal end of the normal

5.5-kb iJcoRI fragment, had occurred between the Pstl and distal BamYil

sites on the 5.5-kb fragment in a^MNU (sites shown with asterisk in Fig.

lA).

To characterize the nature of the structural alteration in the a^MNU

allele, the mutant 3.5-kb FJcoRI fragment detected in the above analysis was

cloned and compared with a large section of DNA derived from overlapping

cosmid genomic clones from this region of the genome (Fig. 4A). DNA

sequence analysis of the structurally altered region demonstrated that a

small segment of DNA, estimated to be 2.8 kb in length, had been deleted

from the mutant allele (Fig. 4B). No other major structural

alterations were detected in the a^MNU mutant allele within several

kilobases of this deletion (S.J.B., R.P.W., unpublished results).

Interestingly, the distal deletion breakpoint site of the a^MNU occurs only

129 bp away from the site of the distal inversion breakpoint on the IslGso

mutation (S.J.B., R.P.W., unpublished results).

DISCUSSION

Characterization of the molecular structure of the a locus has been

the focus of a considerable amount of research by many investigators over

the past several years (Barsh and Epstein, 1989a; Barsh and Epstein,

1989b; Copeland et al., 1983; Lovett et al., 1987; Lovett and Epstein, 1987;

Russell, 1989; Siracusa et al., 1987a; Siracusa et al., 1987b; Siracusa et al.,

1989). We have utilized a DNA probe derived from a radiation-induced

extreme nonagouti mutation to characterize a region of DNA that has

undergone structural changes in several a-locus mutations. Although

several of these mutations are homozygous lethals and are deletions that
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may be very large, we did identify specific DNA sequence alterations in two

viable mutations, IslGso and We hypothesize that the sequence

alterations in these viable mutations are likely to define the position of at

least one gene associated with a-locus function.

Interestingly, the IslGso and mutations contain a structural

alteration at sites very close to each other in the DNA: the distal inversion

breakpoint in IslGso is located within the region of DNA deleted in the
aSMNU allele, 129 bp from the distal a^MNU deletion breakpoint. The fact

that this region is deleted in several lethal mutations and has undergone a

structural alteration at almost the same site in two viable mutations

provides compelling evidence that this region contains at least a portion of

the a-locus gene(s).

Molecular characterization of the agouti region should ultimately

reveal whether the function of the a locus is associated with a single, large

gene that undergoes complex regulation, or whether there are multiple

linked genes that undergo a coordinated pattern of expression. Additionally,

cloning of cDNAs and the analysis of RNA transcripts arising from the

gene(s) at the a locus, coupled with in situ hybridization techniques, may

also aid in understanding the molecular basis for the complex biology

associated with the production of the banded agouti pattern of coat

pigmentation.

The agouti region has also been of interest because some of the alleles

or pseudoalleles are associated with an increased susceptibility to the

development of a variety of spontaneous and induced tumors (Heston and

Vlahakis, 1961; Silvers, 1979, Wolff et al., 1986), a stimulation in normal

body growth (Heston and Vlahakis, 1961), obesity (Dickerson and Gowen,

1947; Heston and Vlahakis, 1961; Wolff et al., 1986), a diabetes-like

syndrome (Coleman, 1982), reduced fertility (Granholm et al., 1986), and

embryonic death (Robertson, 1942; Calarco and Pederson, 1976; Papioannou

and Mardon, 1983). The lethality associated with has been investigated

in some detail; embryos homozygous for this mutation display characteristic

abnormalities at the morula or blastocyst stage and die during

implantation (Robertson, 1942; Calarco and Pederson, 1976; Papioannou

and Mardon, 1983). Therefore, in addition to understanding the molecular
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basis for the agouti coat color, the characterization of the agouti locus at the

molecular level should also provide useful information for understanding the

molecular basis of many or all of these additional phenotypes.
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Figure 1. Southern blot analysis of radiation- or chemical-induced

extreme nonagouti mutations.

(A) Structure of a 7.5-kh rearranged fragment from the IslGso

radiation-induced mutation containing the proximal inversion

breakpoint, and the structure of a 5.5-kh wild-type fragment
mapping at or near the a locus.

The 7.5-kb fragment contains a portion of the Id locus (filled-box)

juxtaposed with a section of DNA (cross-hatched) that we previously

mapped to a region at or near the a locus (Woychik et al., 1990). The 5.5-kb

wild-type fragment was cloned utilizing a probe from the cross-hatched

region of the 7.5-kb fragment (region corresponding to probe A). Comparison

of the two cloned fragments revealed that the inversion DNA breakpoint on

the 7.5-kb fragment was approximately 1.9 kb from the proximal end of the

5.5-kb fragment. B, BamHI; P, Pstl; X, Xbal; R, EcoRl; H, Hindlll. Probes

A and B correspond to proximal and distal regions of the 5.5-kb fragment

and are represented by cross-hatched boxes.
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Figure 1. Southern blot analysis of radiation- or chemical-induced

extreme nonagouti mutations.

(B) Southern blot of FJcoRI-digested genomic DNA from several

radiation- or chemical-induced extreme nonagouti mutations

hybridized with probe A from the 5.5-kb fragment (see A).

Individual mutations are described in Table 1. Lanes A and H,

lanes B and I, lanes C and J, ci/7<S5. lanes D and K, The four
individual radiation- or chemical-induced mutations were analyzed as

compound heterozygotes balanced with IslGso (lanes A-D) or heterozygotes

balanced with either a wild-type chromosome (lanes H-J) or the allele

(Lyon et ah, 1985), which contains a normal-size 5.5-kb fragment in this

region of DNA (lane K). (The mutation was balanced with in lane

L to verify that the mutation contains a 5.5-kb fragment in this region.)

Lanes E-G, homozygous, heterozygous, and wild-type DNA, respectively,

from the IslGso mutant line. Hybridizing fragments corresponding to the

IslGso-specific fragment, or to a wild-type-size 5.5-kb specific fragment, are
indicated.
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Figure 2. Southern blot of wild-type (lane A), heterozygous (lane B),

or homozygous (lane C) adult genomic DNA from the IslGso

mutant line.

Each sample was digested with either EcoRl, Pstl, or BamYil and then

hybridized with probe B (Fig. lA). Numbers refer to sizes of DNA fragments

in kb; asterisks denote rearranged IslGso fragments.
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Figure 3. Southern blot of C3H (lane A), 101 (lane B) or homozygous
aSMNU (lane C) adult genomic DNA digested with £JcoRI, Pstl,
or BamHL

Each sample was hybridized with either probe A or probe B from the
proximal and distal ends of the cloned 5.5-kb normal fragment (Fig. lA).
Numerals refer to the sizes of the DNA fragments, and asterisks denote

rearranged fragments identified with the distal probe.
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Figure 4. Fine structure analysis of the DNA lesion in the a^MNU

mutation.

(A). Structure of the 3.5 kb £JcoRI fragment cloned from the a^^NU

mutation compared with the corresponding structure of a cloned segment of

wild-type DNA. The presence of a 2.8 kb deletion in the 3.5 kb 5MNU

fragment is indicated with dashed lines. B, BamHl; P, Pstl; X, Xbal] R,

FcoRI; Eg, Bglll] H, /fmdIII. (B) Nucleotide sequence analysis of the
aSMNU breakpoint region compared with the sequence of wild-type DNA.
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PART IV

MOLECULAR CHARACTERIZATION OF THE MOUSE AGOUTI

LOCUS
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ABSTRACT

The agouti locus acts within the microenvironment of the hair follicle

to regulate coat color pigmentation in the mouse. We have characterized a

gene encoding a novel 131 amino acid protein which we propose is the one

gene associated with the agouti locus. This gene is normally expressed in a

manner consistent with a-locus function and, most importantly, its structure

and expression is affected by a number of representative alleles in the

agouti dominance hierarchy. Additionally, we found that the pleiotropic

effects associated with the lethal yellow mutation, which include

pronounced obesity, diabetes, and the development of neoplasms, are

accompanied by deregulated overexpression of the agouti gene in numerous

tissues of the adult animal.

INTRODUCTION

The agouti (a) locus in chromosome 2 regulates the differential

production of black and yellow pigment granules that give rise to the agouti

coat color of the mouse. Agouti coloration, which is the true wild-type coat

color of mice, is unusual in that it arises not from a homogeneous

pigmentation of the pelage, but rather from a banded coloration pattern in

which each hair is black with a subapical band of yellow. One of the most

interesting aspects of the agouti locus is that it functions within the

microenvironment of the hair follicle (Silvers, 1958a, 1958b, 1961, 1979;

Silvers and Russell, 1955), unlike many other coat color genes that act in a

cell-autonomous manner within the melanocytes. Therefore, agouti must be

regulating coat pigmentation by some direct or indirect form of intercellular

signaling within the follicular environment.

Like many other genes that play a role in the regulation of coat

pigmentation in the mouse, the agouti locus contributes to essential

developmental processes unrelated to pigmentation (Geissler et al., 1988;

Witte, 1990 and references therein; Epstein et al., 1991; Mercer et al., 1991).

For example, some of the individual alleles at the agouti locus are

associated with embryonic lethality, obesity, diabetes, and the development
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of tumors in a wide variety of tissues. In fact, the lethal yellow (Ay)
mutation at agouti was the first embryonic lethal mutation to be

characterized in the mouse (Cuenot, 1905). Embryos homozygous for Ay die

very early in development, around the time of implantation, possibly due to
a defect in trophectoderm differentiation (Eaton and Green, 1963; Calarco
and Pederson, 1976; Papaioannou et al., 1979).

Genetic analyses of numerous a-locus mutants have been ongoing for
nearly a century and have led to the identification of at least eighteen
dominant and recessive alleles and pseudoalleles of agouti (Silvers, 1979;

Green, 1989). Different combinations of alleles account for an array of

different phenotypes, ranging from subtle differences in coat color compared
to wild type, to drastic changes in the distribution of pigmentation in
different regions of the animal, particularly across the dorso-ventral surface.
An intricate dominance hierarchy exists in which alleles associated with

phaeomelanin (yellow) production are generally dominant over alleles
associated with eumelanin (black or brown depending on alleles at other

loci) production (Silvers, 1979). This relationship is exemplified by several
alleles that date back to the mouse fancy: lethal yellow (Ay), which confers

an all-yellow phenotype in the heterozygous condition, black-and-tan (aO,
which gives rise to an all-black dorsum and an all-yellow ventrum (Dunn,
1928), nonagouti (a), which gives rise to a predominantly black phenotype

except for small amounts of phaeomelanin around the pinnae, nipples, and
perineum (Silvers, 1979), and extreme nonagouti (a®), which confers a
completely black phenotype (Hollander and Go wen, 1956).

Genetic data can be interpreted as evidence for the agouti locus being

comprised of either a single gene, which is regulated differently in each body
region, or several closely linked genes which work in concert (reviewed in
Silvers, 1979). In order to distinguish between these alternate hypotheses

and to ultimately elucidate its mode of action, the agouti locus must be
studied at the molecular level. Although the agouti alleles have been

extensively characterized with classical genetic techniques, the structure of
the gene(s) responsible for a-locus function have not yet been determined.

We previously described a radiation-induced inversion mutation, called
ls(17;ln2)Z(i,a/TGso (abbreviated IslGso), which contains DNA breakpoints
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in the limb deformity {Id) and agouti loci, two regions that are normally

separated by 22 cM on chromosome 2 (Woychik et al., 1990a; Bultman et al.,

1991). Utilizing a DNA probe from the insertional mutant (Woychik et

al., 1985), we were able to jump 22 cM with the inversion and clone a region

of DNA that maps to the agouti locus (Woychik et al., 1990a). Moreover,

this cloned region also hybridizes to sequences that are rearranged in

several agent-induced a-locus mutations (Bultman et al., 1991). Here, we

present the molecular characterization of a gene from this region of DNA

that is structurally altered in several a-locus mutations and is expressed in

a manner appropriate for agouti function. We propose that this gene is, in

fact, the one gene associated with the agouti locus.

MATERIALS AND METHODS

Animals

All mice were maintained at the Oak Ridge National Laboratory

(ORNL) including the SB B+T stock, derived from a mutation that arose

spontaneously at ORNL in an SEC/E x C57BL/E mating.

DNA Isolation and Southern Blot Analysis

Ten micrograms of genomic DNA was digested with restriction

enzymes, electrophoresed through agarose gels, and blotted to GeneScreen

(DuPont) utilizing standard procedures (Ausubel et al., 1988; Sambrook et

al., 1989). Radiolabeled hybridization probes were prepared with the

random-hexamer labeling technique (Feinberg and Vogelstein, 1984). Prior

to hybridization, probe 1.5 was reassociated with sheared, genomic mouse

DNA to prevent the hybridization of repetitive sequence (Sealey et al.,

1985). Post-hybridization filter washing was conducted under high

stringency (0.2X SSC, 0.1% SDS at 68°C) or reduced stringency (0.2X SSC,

0.1% SDS at 50°C) conditions for membranes containing DNA from mice or

other mammalian species, respectively.

RNA Preparation and Northern Blot Analysis
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Total RNA was prepared using the guanidine isothiocynate procedure

(Ausubel et al., 1988), enriched for polyCA)"*" RNA using an oligo(dT)-

cellulose column (Aviv and Leder, 1972), electrophoresed through

formaldehyde gels, and blotted to GeneScreen (DuPont) utilizing standard

procedures (Ausubel et al., 1988). The membrane was hybridized and

washed under high stringency conditions as described above for Southern

blot analysis.

Isolation of cDNA

Poly(A)"^ RNA was prepared from day five neonatal skin (C3H strain)
or adult A^/IslGso kidney or testis as described above, and double-stranded

cDNA was subsequently prepared with reverse transcriptase using standard

procedures (Ausubel et al., 1988; Sambrook et al., 1989). After the addition

of EcoiRl linkers, the cDNA was ligated into the XgtlO vector (Stratagene),

packaged in vitro, and screened with Probe B (Figure lA) for the neonatal

skin cDNA library or the wild-type cDNA clone (for the A^/IslGso cDNA

libraries) using standard procedures (Ausubel et al., 1988; Sambrook et al.,

1989). Positive clones were purified using conventional methods and

subcloned into pGEM (Promega) or pBluescipt (Stratagene) for further

analysis.

Isolation of Genomic Clones

Genomic spleen DNA from the strain 129/Rl was partially digested

with SauSA and size-fractionated on a 10-40% sucrose gradient (Sambrook

et al., 1989). Fractions containing 35- to 45-kb fragments were ligated into

the cosmid vector c2RB (Bates and Swift, 1983), packaged in vitro, and

screened using standard procedures (Ausubel et al., 1988; Sambrook et al.,

1989). Utitilizing the cDNA clone as a probe, cosmid subfragments were

isolated and subcloned into pGEM (Promega) or pBluescript (Stratagene) by

standard procedures (Sambrook et al., 1989).

DNA Sequencing

Genomic and cDNA clones were sequenced by the Sanger

dideoxynucleotide method (Sanger et al., 1977) using T7 DNA polymerase
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(USB) (Tabor and Richardson, 1987). Analysis of the DNA sequence was

performed using the University of Wisconsin Genetics Computing Group

(GCG) sequence analysis programs (Devereux et al., 1984).

RESULTS

Isolation of a cDNA Clone and Genomic Structure of the Agouti Locus

Having established from previous work that the distal inversion

breakpoint of IslGso likely lies within the agouti locus (Bultman et al.,

1991), a search was initiated to find an a-locus exon. Interspecific

hybridizations (i.e. "zoo blots") identified a region of DNA near the distal

inversion breakpoint of IslGso (Fig. lA) that is conserved in a number of

mammalian species (Fig. IB). This evolutionarily conserved region was

subsequently shown to be expressed based on its ability to hybridize to a

0.8-kb transcript in RNA prepared from neonatal skin of wild-type animals

(Fig. IC). Neonatal skin cDNA libraries were subsequently prepared and

screened with probe B (Fig. lA), resulting in the identification of several

clones, one of which contained the entire coding region and is nearly full-

length. The total size of this cDNA clone is 800 bp, which is comparable to

the size of the mRNA seen on Northern blots. The complete nucleotide

sequence is 692 bp, excluding the poly(A) tract (Fig. 2). The cDNA contains

an open reading frame (ORF) extending from nucleotide 83 through 478,

beginning with an ATG codon flanked by sequence that is in agreement with

the consensus sequence for translation initiation (Kozak, 1987). The

hexanucleotide AATAAT is present within the 3' untranslated sequence
immediately preceding the poly(A) tract and probably represents the

polyadenylation signal of the gene (Sheets et al., 1990; Durkop et al., 1992).

The translation product deduced from the ORF is 131 amino acids in

length with a molecular weight estimated to be 15,000 daltons (Fig. 2).

Searches of the NBRF and SWISSPROT databases using the algorithm

FASTA (Pearson and Lipman, 1988) failed to identify any proteins with

significant sequence homology. The N-terminus may comprise a signal

peptide since it is hydrophobic (Kyte and Doolittle, 1982) and includes a

possible cleavage site after residue 22 (von Heijne, 1986). A highly basic
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domain containing 16 lysine or arginine residues in a stretch of 29 amino

acids is present in the center of the predicted protein and is followed by a

poly-proline stretch. At the carboxy-terminus, ten of the final forty amino

acids are cysteines, and in four instances, cysteine residues are spaced six

amino acids apart. Additionally, one putative N-linked glycosylation site

and nine potential serine/threonine kinase phosphorylation sites are present

within the predicted protein, five of which he within the highly basic domain.
To elucidate the intron/exon composition of the gene corresponding to the

cDNA clone presented in Fig. 2, overlapping genomic clones were isolated

and characterized utilizing the cDNA clone as a probe. Comparing the

structure of the genomic and cDNA clones revealed that the gene contains

four exons (Fig. 3A). The first exon of the cDNA is 72 bp in length and

composed entirely of 5' untranslated sequence. The first intron is

approximately 11.5 kb in length and is followed by the second (170 bp), third

(65 bp), and fourth (385 bp) exons which are separated by introns of 2.5 kb
and 2.8 kb, respectively (Fig. 3A). The gene spans an overall distance of 18

kb.

Wild-Type Pattern of Expression

Utilizing the cDNA clone as a probe, poly (A) RNA from the skin of

newborn wild-type mice was examined at daily intervals and shown to

express the 0.8-kb transcript throughout early postnatal development; the
level of expression appeared to be greatest, however, during days two

through seven (Fig. 4). To determine whether the 0.8-kb transcript is

expressed exclusively by melanocytes within the hair follicle, W/W" mice
were examined because they lack hair-bulb melanocytes due to a defect in

the c-kit gene (Geissler et al., 1988). The 0.8-kb transcript was shown to be

present in neonatal skin from W/W" mice, indicating that it is not expressed

in melanocytes but, presumably, within the follicular environment (Fig. 4).

Poly(A)''" RNA was also analyzed from a variety of wild-type adult

tissues (Fig. 5) and whole embryos from day 10 postcoitum through term

(data not shown). The only sample showing any expression was testis, which

produced multiple transcripts ranging in size from 7.5 to 1.0 kb (Fig. 5).

Based on Northern blot analysis and RNase protection assays, it was
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determined that none of the testis-specific transcripts were expressed in

neonatal skin (data not shown). Therefore, it is unlikely that the testis-

specific transcripts are playing any role in a-locus function.

Changes in Gene Structure and Expression in Several Agouti Locus

Mutations

In an attempt to provide evidence that the gene we have characterized

is in fact the agouti gene, we tested whether it is structurally altered in

agent-induced or spontaneous a-locus mutations. First of all, utilizing two

probes from within the 5.5-kb wild-type EcoRI fragment at the 3' end of the

gene, mutant locus-specific restriction fragment length variants (RFLVs)

were detected of 7.5-kb and 3.5-kb for the agent-induced extreme nonagouti

mutations, IslGso (Woychik et al., 1990a; Bultman et al., 1991) and a^MNU
(Bultman et al., 1991) (Fig. 3B), respectively. Additional experiments

revealed that the 7.5-kb RFLV arises from a DNA structural alteration at

the distal inversion breakpoint of IslGso which causes the 5' half of the gene

to be juxtaposed with a portion of the limb deformity gene (Maas et al.,

1990; Woychik et al., 1990b) in the opposite transcriptional orientation (Fig.

3A, B). For a^MNU^ the 3.5-kb RFLV is due to an intragenic deletion
encompassing 2.8 kb of genomic DNA, which includes the third exon. (Fig. 3

A, B). The distal inversion breakpoint of IslGso and the deletion

breakpoints of a^MNU have also been characterized by nucleotide sequence

analysis (Fig. 3C).

In additional experiments we also analyzed the molecular structure of

the original nonagouti mutation (a) and a black-and-tan {of) allele called SB

B+T that arose spontaneously in a cross of the SEC/E and C57BL/E inbred

lines at the Oak Ridge National Laboratory (W. Generoso, unpublished

results). For these experiments, probes containing either the first exon

(probe 1.5) or a portion of the first intron (probe 0.6) each detected a distinct

mutant locus-specific RFLV associated with the a and mutations (Fig.

6A, B). Based on this analysis, it appears that each of these mutant alleles

contain a structural alteration caused by the presence of extra DNA (at least

11-kb or 5-kb for the a or mutations, respectively) within a region
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corresponding to a 700 bp Bglll-EcoBl fragment within the first intron of the

wild-type gene (Fig. 6B).

As expected, the DNA structural alterations in IslGso, a, and

cause detectable changes in the expression of the gene. Production of the

0.8-kb transcript is absent in neonatal skin from IslGso homozygotes and is

replaced by a low-abundance 8.0-kb transcript that likely arises from cryptic

elements on the rearranged gene segments (Fig. 7, lane 1). In neonatal skin

from a^MNU homozygotes, a transcript is present at wild-type levels but is
decreased in size to an extent that is consistent with a deletion of the third

exon of the gene (Fig. 7, compare lanes 2 and 3). Deletion of the third exon

results in the removal of 21 codons and the introduction of a frame-shift

within the last exon (Fig. 3A). The original nonagouti mutation in C57BL

mice does not express the 0.8-kb transcript (Fig. 7, lanes 8 and 9). In black-

and-tan neonates, the 0.8-kb transcript is absent in skin derived from the

black, dorsal surface but is overexpressed in skin derived from the yellow,

ventral surface (Fig. 7, lanes 4 and 5). Control samples from wild-type {A/A)

mice showed similar levels of expression of the 0.8-kb transcript in the

dorsal and ventral surfaces. (Figure 7, lanes 10 and 11). Notably, Ay is

associated with a marked increase in expression of a larger-than-normal

transcript (Fig. 7, lanes 6 and 7).

Deregulated Expression in Lethal Yellow Heterozygotes

Lethal yellow (A3') heterozygotes display a number of pleiotropic

effects including pronounced obesity, a diabetes-like condition, and a

propensity to develop a variety of spontaneous and induced neoplasms in the

adult (Silvers, 1979). In order to examine the molecular defect associated

with the Ay allele more precisely, a number of adult tissues from lethal

yellow heterozygotes were analyzed for expression of the gene we have

characterized. In striking contrast to wild-type mice where expression is

restricted to testis and neonatal skin. Ay animals overexpressed a size-

altered transcript in every tissue examined (Fig. 8).

To characterize the nature of the increased size of the Ay transcript,

an adult kidney and testis cDNA library was prepared from lethal yellow

heterozygotes and screened using the wild-type cDNA clone as a probe.
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Analysis of several Ay cDNA clones indicated that the first exon of the agouti
gene has been replaced by novel sequence on the Ay transcript, whereas the

second, third, and fourth agouti exons, which contain the entire coding region,

remain intact (Fig. 9A). Moreover, characterization of the genomic region

flanking the novel sequence revealed a potential intron/exon consensus

sequence precisely at point of divergence with the cDNA clone (Fig. 9B). This

result strongly suggests that the altered size Ay transcript arises through a

mechanism that involves splicing of the region of novel sequence to the
second exon of the gene.

DISCUSSION

Characterization of the Agouti Locus Gene

We previously described the isolation of a region of DNA that maps to
the agouti locus and is directly associated with DNA structural

rearrangements that give rise to the extreme nonagouti phenotjrpe (Woychik
et al. 1990a; Bultman et al. 1991). Here we present the cloning and

characterization of a gene contained within this region of DNA that is

approximately 18 kb in length. This gene is structurally altered in several

different a-locus mutations. For example, the distal inversion breakpoint

associated with the recessive mutation, IslGso, breaks this gene within its

third intron, and the 2.8 kb genomic deletion associated with a^MNU jg an

intragenic mutation that specifically deletes the third exon and causes a

frame-shift in the last exon of this gene (Fig. 3). We have also identified
DNA structural alterations of this gene that are associated with the a and

a' alleles (Fig. 6). Additionally, the mRNA expressed from the Ay allele is

longer than normal and arises from a replacement of the first exon with a

region of novel sequence added to the 5' end of the transcript (Fig. 9).
Further evidence that this gene is associated with the agouti locus is based
on our finding that the original recessive nonagouti allele (a) associated with

the C57BL strain fails to express the normal 0.8-kb transcript in neonatal

skin (Fig. 7, lanes 8 and 9). The transcripts produced from the and Ay

alleles are also expressed in a deregulated manner (Fig. 7, lanes 4-7), with
Ay being ectopically expressed in many adult tissues (Fig. 8). The fact that
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this gene is directly associated with these mutations strongly suggests that

it is, in fact, the one gene associated with a-locus function.

The normal pattern of expression of this gene is also consistent with it

being responsible for the functions associated with the agouti locus. The

production and deposition of phaeomelanin in the growing agouti hair shaft

occurs during days three through seven of neonatal development, coincident

with the appearance of the subapical yellow band (Sakurai et al., 1975). The

observation that expression of this gene is maximal during days two through

seven correlates with phaeomelanin production. Expression of this gene also

correlates with the production of phaeomelanin in the a'. Ay, and a mutants,

particularly in where expression is present at high levels in the yellow
colored hair of the ventrum, but absent in the black colored hair of the

dorsum (Fig. 7, lanes 4-9). Most significantly, we found that this gene is

expressed in neonatal skin from animals (which lack hair-bulb

melanocytes), consistent with early skin grafting experiments by Silvers and
Russell indicating that the agouti gene is expressed in the follicular

environment and not within the melanocytes (Silvers and Russell, 1955;

Silvers, 1958a, 1958b, 1961, 1979). However, in situ hybridization analysis

of neonatal skin will be necessary to identify the cell type(s) expressing the

agouti gene.

Expression from this region of DNA in wild-type, adult tissues is

limited to testis (Fig. 5). The functional significance of the testis-specific

expression is presently unclear, particularly since it appears that the

unique-sized RNA transcripts produced in testis are not expressed in
neonatal skin, elsewhere during development, or in other adult tissues (Fig.

5). Other characterized developmental genes that do not have any obvious
function in testis, like limb deformity (Woychik et al., 1990b), also express

testis-specific transcripts. It may turn out that either there is no functional

significance to the expression of these genes in the testis whatsoever, or that

there is a presently unknown testis-specific function associated with this
expression.

Based on the fact that the structure and expression of this gene is

directly affected by the most dominant agouti locus mutation (A^),

mutations in the middle of the dominance hierarchy (a^ a), and the most
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recessive member of the agouti allelic series (a®), and the fact that the

pattern of expression of this gene is compatible with normal a-locus

function, we propose that the gene we have characterized is, in fact, the

agouti gene.

Hypothetical Interaction With the Extension (e) Locus

Analysis of the sequence of the cDNA clone predicts a small

polypeptide 131 amino acids in length and approximately 15,000 daltons in

molecular weight (Fig. 2). This protein is probably secreted since it contains

a putative signal peptide at its N-terminus (Fig. 2). Additionally, the

molecule has several potential phosphorylation sites, a highly basic domain

in the middle of the protein, and a cysteine-rich region near its C-terminus.

However, neither of these domains resemble any characterized motif and

cannot yet be ascribed a particular function.

Since the agouti locus, like steel (McCulloch et ah, 1965; Mayer and

Green, 1968; Dexter and Moore, 1977), does not act in a cell-autonomous

manner, it is attractive to speculate that the agouti gene product, like the

steel factor, functions as a ligand for some as yet undetermined receptor on

the melanocyte. Interestingly, the extension (e) locus in chromosome 8 of the

mouse acts in a cell-autonomous manner and produces pigmentation

phenotypes similar to agouti (Silvers, 1979). However, dominant e-locus

mutations cause an all-black phenotype similar to that observed in

recessive a-locus mutations, and recessive e-locus mutations cause an all-

yellow phenotype similar to that observed in dominant a-locus mutations.

Making the assumption that dominant mutations at these two loci are

associated with gain-of-function and recessive mutations are associated

with loss-of-function, then a straightforward model (like that for the steel

and dominant white spotting loci) in which the e-locus encodes a melanocyte-

specific receptor that is directly activated by a ligand produced by the agouti

locus is unlikely.

Alternatively, Takeuchi et al. (1989) described a model for a potential

interaction between the a and e loci based on their experiments with skin

explants from Avla or e/e mice. They proposed that a-melanocyte stimulating

hormone (a-MSH) binds to its receptor on the surface of the melanocyte.
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triggering a cascade of biochemical events culminating in the elevation of

cAMP levels, which acts as a second messenger to produce eumelanin. The e

locus hypothetically encodes a protein that modulates the production of

cAMP via interaction with adenylate cyclase in the membrane of

melanocytes. In this model, the agouti protein would function as a ligand to

compete with a-MSH for binding of its receptor, preventing an increase of

cAMP in the melanocyte, resulting in the production of phaeomelanin. As

discussed above, our finding that the product of the agouti locus may be a

small secreted protein is compatible with this model. The agouti gene

product shares no sequence homology with a-MSH and, if this model is

correct, it is unclear whether the agouti gene product would bind directly to

a-MSH and inactivate its binding capacity, or would bind directly to the a-

MSH receptor and competitively interfere with the binding of a-MSH. We

expect that the cloned sequences described in this report, in combination

with the recent cloning of the a-MSH receptor (Mountjoy et al., 1992), will

generate the molecular reagents necessary to test this model.

Deregulated Expression in Lethal Yellow Heterozygotes

Lethal yellow (Ay) is an allele of particular interest because it is a

recessive lethal and is associated with a number of dominant pleiotropic

effects in the heterozygous condition. In 1905, Ay was the first lethal

mutation to be documented in a mammal (Cuenot, 1905; Castle and Little,

1910). Lethal yellow homozygotes display characteristic abnormalities at

the morula and blastula stages of development (Calarco and Pedersen,

1976) and die before implantation is complete (Robertson, 1942). The cause

of death is presumably due to a delay in giant cell differentiation, thereby

preventing attachment of the embryo to the endometrial cells lining the

uterus (Eaton and Green, 1963). In addition, lethal yellow heterozygotes

exhibit a systemic stimulation in body growth, reduced fertility in females

(Granholm et al., 1986), a diabetes-like syndrome (Hellerstrom and

Hellman, 1963), pronounced obesity (Dickerson and Gowen, 1947; Fenton

and Chase, 1951; Carpenter and Mayer, 1958; Plocher and Powley, 1976;

Friedman and Leibel, 1992), and a propensity to develop a variety of
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spontaneous and induced neoplasms (Heston, 1942; Heston and Deringer,

1947; Heston and Vlahakis, 1961, 1962, 1963; Deringer, 1970).

In an attempt to characterize the nature of the molecular defect

associated with the Ay allele, mRNA was prepared from a variety of adult

tissues from Ay heterozygotes (Fig. 8). Whereas the agouti gene is normally

expressed only in testis and neonatal skin, the Ay allele is associated with

overproduction of agouti RNA transcripts in both neonatal skin and in every

adult tissue that we have analyzed to date (Fig. 8). Based on these findings,

our working hypothesis is that deregulated overexpression of the a-locus

gene is directly responsible for the yellow coat color and, most importantly,

for the dominant pleiotropic effects observed in lethal yellow heterozygotes.

It is unlikely that the dominant pleiotropic effects associated with Ay are

due to the production of an altered agouti gene product because the coding

exons of the gene are unaltered, with the larger-than-normal transcript

resulting from a 5' extension of the 0.8-kb mRNA (Fig. 9). Also, our

preliminary analysis of a new allele with a phenotype identical to viable

yellow {A^y) (for a review of A^y, see Wolff et al., 1986), revealed that the

agouti gene is overexpressed in the same deregulated manner but produces a

normal-sized mRNA (E. M., S. B., and R. W., unpublished data). To test our

hjTJothesis, we are currently in the process of generating lines of transgenic

mice that each overexpress the normal agouti gene product in several

different tissues of the adult animal.

The molecular nature of the embryonic lethality associated with Ay

homozygotes is presently unclear. Based on our preliminary molecular

analysis of the DNA structure associated with the Ay allele and the fact that

Ay produces an altered-sized transcript with an extension at its 5' end, we

currently hypothesize that the Ay allele arose from a genomic rearrangement

that led to a replacement of the normal promoter and first exon of the agouti

gene with the promoter and 5' end of another gene located within the vicinity

of the agouti locus. As a consequence of this structural alteration, we predict

that the expression of a second gene was disrupted, and that the expresssion

of this second gene, and not the agouti gene per se, is directly responsible for

the embryonic lethality phenotype of Ay. Work currently in progress to
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completely characterize the structure of the Ay DNA will allow us to test this
hypothesis directly.

Agouti is a Single Gene Locus

Genetic experiments at the Oak Ridge National Laboratory involving

several thousand offspring of a-locus mutants revealed three unequivocal

and two probable recombination events between Ay and (Russell et al.,
1963), as well as one and two possible recombinations between Ay and

and Ay and a, respectively (Siracusa et al., 1987). In each case, the

recombination frequency was on the order of 0.1%, and flanking markers in

the crosses showed Ay to lie proximal to (Russell et al., 1963). Based on

this result, it was hypothesized that the agouti gene was either very large, or
that Ay was associated with a separate gene that is pseudoallelic with

agouti. Our results help to resolve this issue and point to a single gene
hypothesis. In each case, with the Ay, and a alleles (we have not yet
characterized the molecular structure of a^), we see unique alterations in the

structure and expression of the single 18-kb gene that we have

characterized. If Ay were associated with a different gene, then we would not

have expected to see structural and expression changes in the same gene for

all three mutations. While this resolves the single versus multiple gene

hypothesis, it is still difficult to reconcile the fact that recombination does

occur between Ay and one to three alleles in a gene that is only 18 kb in

length. The 0.1% recombination frequency would, on average, predict about

a 100-kb distance between Ay and the other alleles. Since we know that this

is not the case, we are led to hypothesize that there may be a highly
localized recombination hotspot within the agouti gene, similar to that

which occurs within the murine major histocompatibility complex (Kobori et

al., 1986; Steinmetz et al., 1986) and human insulin and 6-globin loci (Lebo

et al., 1983; Treco et al., 1985).

The large number of alleles and the wide range of phenotypes

associated with the agouti locus have been used as evidence by some

investigators to propose that the agouti locus is comprised of multiple
"mini-loci" and not a single gene (reviewed in Silvers, 1979). According to

this hypothesis, each gene of the mini-locus plays a role in regulating
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pigmentation in different parts of the body, particularly over the dorsal and
ventral surfaces, and around the pinnae, nipples, and perineum. Support for

this assertion stems from the finding that changes from yellow to black

pigmentation proceed from the dorsal to the ventral regions as one

progresses from the most dominant to the most recessive mutation of the

agouti allelic series. For example, phaeomelanin progressively disappears

from the mid-dorsum with AVa {A\ intermediate yellow), from the lateral

dorsum with a^/a^ from the ventral surface with a/a, and from the pinnae,

nipples, and perineum with a^la^ (Silvers, 1979). With the mini-locus

hypothesis, different genes should be affected by mutations associated with

the individual alleles in the hierarachy. Our finding that the structure and

expression of the same gene is affected with mutations at the top (A^*),

middle (a' and a), and the bottom (a®) of the allelic series clearly

demonstrates that the mini-locus hypothesis is not correct. On the other

hand, a single gene hypothesis, which has also been proposed for the agouti

locus (Silvers, 1979), is supported by our data and by many genetic

observations, the most compelling of which is the fact that the mini-locus

hypothesis would be expected to produce some phenotypes with darker hair

on the ventrum than on the dorsum, or with solid black or yellow hair on the

dorsum and agouti hair on the ventral surface, and these phenotypes have

never been observed (Silvers, 1979). The data reported here clearly support

the single gene hjrpothesis for the agouti locus.
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Figure 1. Identification of an exon near the distal inversion
breakpoint of IslGso.

(A) Restriction map of a region of DNA that maps to the agouti locus

and is associated with structural alterations in the extreme nonagouti

mutations, IslGso and The positions of two DNA probes that lie in

close proximity to the distal inversion breakpoint in IslGso and the 2.8-kb
deletion in a^MNU are indicated. R, EcoRl; B, Ba/nHI; X, Xbal.

(B) Identification of a segment of DNA near the distal inversion
breakpoint of IslGso that is conserved in genomic DNA from several
mammalian species. Probe A in Figure lA was 32p.labeled and hybridized

to £^coRI- (R) or Pstl- (?) digested DNA from hamster, cat, and dog. The

extensive smearing in hamster DNA is due to the presence of a rodent-

specific repetitive element in probe A. The XiifmdIII molecular weight
standard is shown on the left in kb.

(C) Identification of coding sequence near the distal inversion
breakpoint of IslGso by Northern blot analysis. Probe B in Figure lA was

32p.labeled and hybridized to polyCA)"*" RNA from wild-tjqje skin of a day 4
neonate. The positions of the 28S and 18S rRNA subunits are indicated on

the left. Higher molecular weight smearing was due to the presence of

moderately repetitive sequences in the probe.



Distal Inversion Breakpoint of islGso

R R B X X

Deleted Region in

R P R P R P

0.8 kb



103

Figure 2. Nucleotide and predicted amino acid sequence of the
cDNA.

The putative signal peptide sequence is underscored with a double

line and the polyadenylation signal with a single line. The boxed region

represents a highly basic domain that has the potential to be
phosphorylated at a number of sites designated by PO4. An asterisk
denotes a potential N-linked glycosylation site, and cysteine residues are
highlighted by solid circles. Arrowheads delimit the boundaries of the four
individual exons.



TTCAAGGACAGGAAAaACATTCTGGCCTGGCTTCCCTTAGGGGAaCTGATGCGGAATAG&QTC 63

ACTTGTGC'■ 3̂C':ttctcaqg atq gat gtc acc cgc cta ctc ctg gcc acc cta

JHS£-Aag_V^ Thr Ara Leu Leu Leu Ala Thr T.mi
115

11

GTG AGC TTC CTG TGC TTC TTC ACC GTC CAC AGC CAC CTG GCA CTC GAG 163
Val 3er Phe Leu Cva Phe Phe Thr val Hia Ser His Leu Ala Leu Glu 27

PO4 PO4 *
GAG ACG CTT GGA GAT GAC AGG AGT CTG CGG AGT AAC TCC TCC ATG AAC 211
Glu Thr Leu Gly Asp Asp Arg Ser Leu Arg Ser Asn Ser Ser Met Asn 43

TCG CTG GAT TTC TCC TCT GTT TCT ATC GTG GCA CTG AAC
Ser Leu Asp Phe Ser Ser Val Ser lie Val Ala Leu Asn

PO*
AAG AAA TCC

Lys Lys Ser

PO4 PO4 PO4 s
AAG AAG ATC AGC AGA AAA GAA GCC CAG AAG CGG AAG AGG TCT TCC AAC?
Lys Lys lie Ser Arg Lys Glu Ala Glu Lys Arg Lys Arg Ser Ser Lys

PO4
AAA AAG GCT TCG ATG AAG AAG GTG OCA AGG
Lys Lys Ala Ser Met Lys Lys Val Ala Arg

CCC CCG CCA CCT TCG CCC

Pro Pro Pro Pro Ser Pro

PO4
TGC GTG GCC ACC CGC GAC AGC TGC AAG CCA CCC GCA CCC GCC TGC TGC
Cys Val Ala Thr Arg Asp Ser Cys Lys Pro Pro Ala Pro Ala Cys Cys
•  • • •

POl
GAC CCG TGC GCC TCC TGC CAG TGC CGT TTC TTC GGC AGC GCC TGC ACC
Asp Pro Cys Ala Ser Cys Gin Cys Arg Phe Phe Gly Ser Ala Cys Thr

•  • • •

TGT CGA GTA CTC AAC CCC AAC TGC TGA CGCAGCTTCTTCGCTGCGCGCGCAGCT
Cys Arg Val Leu Asn Pro Asn Cys griH

259

59

307

75

355

91

403

107

451

123

505

131

TCGGGAACGGGTGATTGGGCGGGGCTTCAGGGTCCCGCGCTTCTAGGCTGAGGGGCGGGTCTC 568

TGTGGGTGGGGCTTGTGGGTGGGCGTGGTCAGTGGTTGTGACTTGTGGGCGCTTTCAAAAAAC 631

CGGTTTTCTAGGAAACCTAGTGGAAGCTAAAATCAGAATACAATAATATTTTTAGGCTGCC (A) 692
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Figure 3. Intron/exon structure of the wild-type locus and two

extreme nonagouti mutations.

(A) Schematic representation of the genomic structure of the agouti

gene in DNA from wild-type, IslGso, and a^MNU mice. The four exons are
depicted as solid boxes, and the introns and flanking sequences are shown

as a solid line. The first exon, which is 72 bp long in the cDNA clone, is 8-10

bp longer at its 5' end based on RNase protection experiments (data not

shown). The 3' junction of the last exon coresponds to the 3' end of the cDNA

clone, immediately upstream from the poly(A) tract. The precise location of

each intron/exon junction was ascertained by identifying where genomic

DNA sequences diverged from the cDNA sequence. At each splice junction,

the genomic DNA sequence matched the canonical sequence for 5' splice

donor and 3' splice acceptor sites (Mount, 1982) (data not shown). The open

box in the IslGso schematic represents genomic DNA from the limb

deformity (Id) gene in the opposite transcriptional orientation relative to

agouti. The 2.8 kb intragenic deletion in the a^MNU mutation is depicted by
a horizontal dashed line above the mutant locus, with the deleted region

shown below the mutant locus. The positions of two probes (Probes A and B)

and the sizes of the iJcoRI fragments they identify are shown. R, FJcoRI; B,

BamHl. (B) Identification of RFLVs specifically associated with the IslGso

and a^MNU mutations. Wild-type (lane 1, C3H strain), IslGso homozygous

(lane 2), and a^MNU homozygous (lane 3) genomic DNA was digested with
EcoRl, blotted, and hybridized with a 32p.labeled fragment of DNA
corresponding to probe A (lanes 1 and 2) or probe B (lane 3) in Figure 3A.

The sizes of the DNA fragments detected by probes A and B are shown on

the left in kb. (C) Nucleotide sequence of the distal inversion breakpoint of

IslGso and the 5' and 3' deletion breakpoints of a^MNU compared to wild

type. The vertical bars indicate the positions of the DNA breakpoints. The

lower case nucleotides in IslGso represent sequence of the Id gene, and the

horizontal lines in represent deleted nucleotides.
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Figure 4. Northern blot analysis of wild-type (A/A) neonatal skin.

The full-length cDNA clone (Figure 2) was 32p.labeled and hybridized

to poly(A)'^ RNA (2.5 |ig per lane) from skin of day one through day eight
wild-type neonates (1-8) and day 6 W/W^ neonates (W). RNA molecular

weight standards are shown on the left in kb. The filter was subsequently
hybridized with a tubulin probe as a control to analyze the quantity and

quality of the RNA in each lane.
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Figure 5. Northern blot analysis of adult tissues from wild-type (A/A)

mice.

The full-length cDNA clone was 32p.labeled and hybridized to a

variety of poly(A)"^ RNAs (2.5 |ig per lane). RNA molecular weight
standards are shown on the left in kb. The filter was subsequently

hybridized with a tubulin probe as a control to analyze the quantity and

quality of the RNA in each lane.
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Figure 6. Identification of DNA structural alterations associated with

the a and a' alleles.

(A) Wild-type (A, C3H strain), nonagouti (a, C57BL/E strain), and

black-and-tan (a^ SB B+T stock) genomic DNA was digested with BamHl or

Bglll, blotted, and hybridized with a 32p.labeled fragment of DNA
corresponding to probe 1.5 {BamHl digest) or probe 0.6 {Bglll digest), which

are shown as thick horizontal lines in the illustration of the wild-type allele

in B. The sizes of the DNA fragments detected by the two probes are shown

on the left margin in kb. The SB B+T mutation arose in a cross between the

strains SEC/E and C57BL/E, both of which are nonagouti (a/a) homozygotes

and display a 16.0-kb BamHl fragment with probe 1.5 and a 6.0-kb Bglll

fragment with probe 0.6, although only the C57BL/E result is shown. The

parental strain from which the original nonagouti a mutation arose is not

known, however, two wild-type inbred strains, FVB/N and 101, were

analyzed in addition to C3H, and all displayed the wild-type pattern

illustrated for C3H. (B) Schematic representation of the 5' end of the gene

shown in Figure 3 from wild-tjrpe {A), nonagouti (a), and SB B+T mutant (aO

mice. The first exon is shown as a solid box, and the bold horizontal line

represents the 5' flanking sequence and portion of the first intron. Probe 1.5

detects a 8.0-kb fragment in wild type, and RFLV fragments of 16.0-kb and

10.0-kb in the a and mutant alleles, respectively. Probe 0.6 detects a 2.0-

kb wild-type fragment, and RFLV mutant allele-specific fragments of 6.0-kb

in a and 8.0-kb in aK These RFLV's are due to the presence of at least 11-kb

(a) or 5.5-kb (aO of additional sequence in the mutant alleles within a

highly localized 700-bp region on the wild-type DNA between Bglll and

EcoRl sites. The insertions for each allele have not yet been cloned and

mapped, and, therefore, are depicted by vertical bars with an open

parentheses at the end. B, BamHl; R, BcoRI; Bg, Bglll.
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Figure 7. Northern blot analysis of neonatal skin from several agouti

locus mutants.

The full-length cDNA clone (Figure 2) was 32p.iabeled and hybridized

to poly(A)"^ RNA (2.5 p,g per lane) from neonatal skin of spontaneous or
agent-induced a-locus mutations. RNA molecular weight standards (kb)

and the positions of the 28S and 18S rRNA subunits are shown. The filter

was subsequently hybridized with a tubulin probe as a control to analyze

the quantity and quality of the RNA in each lane. D, skin derived from the

dorsal surface of neonates; V, skin derived from the ventral surface of

neonates; IslGso, day four IslGso homozygote; 5MNU, day five a^MNU
homozygote; A/A, day five wild type; a^/a^, day five black-and-tan; Ay/a,

day six lethal yellow heterozygote; a/a, day six nonagouti (C57BL/10).
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Figure 8. Northern blot analysis of adult tissues from wild-type and

lethal-yellow heterozygotes.

The full-length cDNA clone (Figme 2) was 32p.labeled and hybridized

to polyCA)"*" RNA (2.5 jtg per lane) from adult tissues or neonatal skin of
wild-type or Ay /_ mutant animals. RNA molecular weight standards are

shown on the left in kb, and the positions of the 28S and 18S rRNA subunits

are indicated on the right. The filter was subsequently hybridized with a

tubulin probe as a control to analyze the quantity and quahty of the RNA in

each lane. Ay /_, lethal yellow heterozygotes with genotypes of Ay /a and

Ay/a^ were used in this analysis; d4 skin, day four postnatal skin; d6 skin,

day six postnatal skin.
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Figure 9. Molecular analysis of the size-altered AV transcript.

(A) Schematic representation of the wild-type and lethal yellow (Ay)

transcripts produced by the agouti locus. Based on the analysis of cDNA

clones, the Ay transcript is identical to the wild-type transcript for the

sequence derived from the second, third, and fourth exons. However, the 5'

end of the second exon on the Ay transcript is flanked by sequence that is

different from the region corresponding to the first exon on the wild-type

transcript. Moreover, our preliminary evidence suggests that this sequence

unique to Ay corresponds to the first noncoding exon (approximately 300

nucleotides in length) of another gene (E.M., S.B, R.W., unpublished results).

The genomic organization of the wild-type gene is shown above with the four

exons depicted as solid boxes, and the introns and flanking sequences shown

as a solid line. B, J3a/nHI; R, FcoRI. (B) Nucleotide sequence comparison of

the wild-t5rpe and Ay cDNA clones, and comparison of the 5' end of the AV

cDNA with its corresponding genomic region. The sequence divergence point

is positioned with a vertical hne and corresponds to the junction between the

first and second exons of the wild-type cDNA. Also, at this same junction

point, the genomic sequence diverges from the Ay cDNA and is followed by a

canonical 5' splice donor (Mount, 1982).
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PARTY

MOLECULAR ANALYSIS OF REVERSE MUTATIONS FROM

NONAGOUTI (a) TO BLACK-AND-TAN (a') AND WHITE-BELLIED

AGOUTI (A®) REVEALS ALTERNATE FORMS OF AGOUTI

TRANSCRIPTS
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ABSTRACT

The agouti gene regulates the differential production of eumelanin

(black or brown) and phaeomelanin (yellow) pigment granules by

melanocytes in the hair follicles of mice. The original nonagouti (a) allele,

which confers a predominantly black coat color, has been shown to revert to

two other more dominant agouti alleles, black-and-tan {of) and white-beUied

agouti (A"'), with an exceptionally high frequency. The and alleles

confer phenotypes in which the pigmentation is not uniformly distributed

over the dorsal and ventral surfaces of the animal; in both cases the ventral

surface of the animal is markedly lighter than the dorsal surface due to an

increase in phaeomelanin production. In order to understand the unusually

high reversion rate of a to or A^, and to decipher the molecular events

associated with the different pigmentation patterns associated with these

three agouti alleles, we have characterized a, and A^ at the molecular

level. Here we report that insertions of 11 kb, 6 kb, and 0.6 kb are present

at precisely the same position in the first intron of the agouti gene in a,

and A^, respectively. The a insertion consists of a 5.5-kb VL30 element that

has incorporated 5.5 kb of additional sequence internally; this internal

sequence is flanked by 526-bp direct repeats. The allele contains only the

VL30 element and a single, internal 526-bp repeat. The A^ allele has only a

solo VL30 LTR. Based on the comparison of the structure of the and A"*

insertions, we propose that reverse mutations occur by excision of inserted

sequences in a through homologous recombination, utilizing either the 526-

bp direct repeats to generate or the VL30 LTRs to generate A"^.

Moreover, the analysis of these three alleles has allowed us to identify

additional exons of the agouti gene that give rise to alternatively processed

forms of agouti mRNA. We demonstrate that the distinct insertions in a,

and A"^ cause pigmentation differences by selectively inactivating the

expression of different forms of agouti transcripts.
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INTRODUCTION

The agouti locus in chromosome 2 of the mouse controls the

differential production of eumelanin (black or brown depending on alleles

present at other loci) and phaeomelanin (yellow) pigment granules by the
melanocytes within the hair follicle. Agouti pigmentation, which is the true

wild-type coat color of mice, arises from the fact that the individual hair
shafts contain a subapical yellow band on an otherwise black or brown

background. At least nineteen different alleles have been identified at the

agouti locus that form a complex dominance hierarchy in which alleles
associated with phaeomelanin production are generally dominant over

alleles associated with eumelanin production (Silvers, 1979; Green, 1989).

Moreover, a number of these alleles regulate the amount and distribution of

phaeomelanin and eumelanin differently in different regions of the pelage,

particularly across the dorsal and ventral surfaces (Silvers, 1979; Green,
1989).

The regional pigmentation differences observed with different agouti

alleles are exemplified by the original nonagouti (a), black-and-tan (a^, and
white-bellied agouti (A^) alleles. The ala genotype gives rise to a

predominantly black coat color, with relatively small amounts of yellow
pigmentation restricted to the pinnae, mammae, and perineum. Nonagouti

is recessive to the wild-tjT)e (A), and alleles. The a'/a^ genotype

causes a unique pattern of pigmentation in which the dorsal surface is
entirely black, the ventral surface and pinnae are completely yellow, and a
sharp lateral line of demarcation separates the dorsal and ventral surfaces.
Black-and-tan is dominant to a but recessive to A"'. It is dominant to A

across the ventral surface of the animal consistent with yellow being

dominant to agouti but is recessive to A across the dorsal surface of the

animal, which is compatible with the observation that agouti is dominant to

black. White-bellied agouti, which confers an agouti dorsal surface and a

cream color over the ventral surface, is dominant to the A, a^, and a alleles.

The a, a^, and A"' alleles are also of interest because reverse

mutations from a to or A^ are more common than any other spontaneous

agouti-locus mutation (Dickie, 1969). In fact, the incidence of 4.7 x 10"® per
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generation (3.29 for and 1.41 for A"') represents one of the highest reverse
mutation frequencies documented in the mouse (Schlager and Dickie, 1967).

This high reversion frequency implies that there may be some unusual

structural features associated with the a mutation.

We and others previously cloned the agouti gene and determined that

it contains four exons, the last three of which are coding (Bultman et al.,

1992; Miller et al., 1993). The gene produces a 0.8-kb mRNA in AJA mice

that encodes a novel 131-amino-acid protein that includes a putative signal

peptide. The A protein has been hypothesized to be a secreted signaling
molecule that functions as an antagonist to the a-melanocyte stimulating

hormone receptor on the surface of melanocytes (Bultman et al., 1992;
Jackson, 1993). Because the structure and expression of the agouti gene are

altered by the most dominant agouti-locus mutation (lethal yellow. Ay),
mutations in the middle of the dominance hierarchy (a and of), and the most

recessive member of the agouti allehc series (extreme nonagouti, a®), we

proposed that there is only one gene associated with agouti-locus function
(Bultman et al., 1992).

Here we report that the a, a', and A"^ alleles are associated with DNA

insertions at precisely the same position in the first intron of the agouti
gene. A portion of each inserted fragment corresponds to a member of the
VL30 family of retrovirus-like transposable elements in the mouse. We
describe how homologous recombination events within the integrated
sequences of the a allele are associated with the reversions from a to or

A^. Additionally, we have discovered that the agouti gene produces
alternatively processed transcripts that are expressed in the and A^
alleles but not in the A allele. We propose that the insertions in a, a^ and

A^ confer their unique coat-color phenotypes by selectively inactivating the
expression of the different processed forms of agouti mRNA.

MATERIALS AND METHODS

Animals

All of the new a' and A^ mutants reported here arose spontaneously

in the production colony at The Jackson Laboratory (see Table 1), except for
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Qt-2Gso (formerly refered to as SB B+T), which arose spontaneously at the

Oak Ridge National Laboratory in a cross between the strains SEC/E (a/a,

6/6, and C57BL/E (a/a). All animals were subsequently maintained

at the Oak Ridge National Laboratory.

Cloning Overlapping Genomic DNA Fragments that Span the

Insertions in a, and A"'

A total of 250 p.g of genomic liver DNA from wild-type A!A (C3H), aJa

(C57BL/E), or aPla^ {a^-2Gso stock) mice were digested with either BamBl or
Bglll, and were size fractionated on a 10%-40% sucrose gradient (Sambrook
et al., 1989). Fractions containing appropriately sized fragments (see below)

were ligated into the EMBL3 vector, packaged in vitro, and screened using
standard procedures (Ausubel et al., 1988; Sambrook et al., 1989). Utilizing

a fragment that includes the first agouti exon plus some 5' flanking sequence
and part of the first intron (probe 1.5, Fig. 1), BamHl fragments of 8 kb, 16
kb and 11 kb were cloned from A/A, a/a, and aVa^ DNAs, respectively.

Utilizing a 0.6-kb BamHl-Pstl fragment in the first intron of agouti (probe

0.6, Fig. 1), Bglll fragments of 2 kb, 6 kb, and 7 kb were cloned from AIA, a/a,

and aVa^ DNAs, respectively. These fragments were subsequently subcloned
into the pGEM (Promega) or pBluescript (Stratagene) vectors and purified
as described (Ausubel et al., 1988; Sambrook et al., 1989). For A^, a total of

250 |ig of genomic liver DNA was prepared from the original A^'^^ mutant,
partially digested with SauSA, and size fractionated on a 10%-40% sucrose
gradient (Sambrook et al., 1989). Fractions containing 15-20 kb fragments

were ligated into the EMBL3 lambda vector, packaged in vitro, and screened
using standard procedures (Ausubel et al., 1988; Sambrook et al., 1989).
Clones that hybridized to probes 1.5 and 0.6 (see Fig. 1) were purified, and
subfragments were subsequently isolated and subcloned into pGem or

pBluescript (Stratagene) for further analysis.

DNA Sequencing

Selected portions of genomic clones were sequenced by the
dideoxynucleotide method (Sanger et al., 1977) using T7 DNA polymerase

(US Biochemical) (Tabor and Richardson, 1987). Analysis of the DNA
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sequence was conducted using the University of Wisconsin Genetics
Computing Group sequence analysis programs (Devereux et al., 1984), and
GenBank database searches were performed using the BLAST algorithm

(Altschul et al., 1990).

Southern Blot Analysis

Ten p,g of genomic adult liver or tail DNA were digested with

restriction enzymes, electrophoresed through 0.8% agarose gels, and blotted

to GeneScreen (DuPont) with standard procedures (Ausubel et al., 1988;

Sambrook et al., 1989). Radiolabeled hybridization probes were prepared

with the random-hexamer labeling technique (Feinberg and Vogelstein,

1984), and posthybridization filter washing was conducted under high
stringency conditions (0.2X SSC, 0.1% SDS, at 68°C).

RT-PCR Analysis

Ten ng of total RNA, prepared by the guanidine isothiocyanate
procedure (Ausubel et al., 1988), were reverse transcribed (Kawasaki, 1990),
ethanol precipitated, and resuspended in 20 |xl of H2O. PGR was performed
using 4 p,l of the sample as described previously (Pieretti et al., 1991). The
sequences of the oligonucleotide primers in Fig. 6 are as follows: Primer 1, 5'-
GAACTGGCATCAAAGTACCA; primer 2, 5'-

CAATGCTCCTGCCTCTGCCA; primer 3, 5'-TTCCGCTTCTCGGCTTCTTT.

The B-actin primers were 5'-ATGGGTCAGAAGGACTCCTA (forward) and
5'-CAACATAGCACAGCTTCTCT (reverse). PGR products were

electrophoresed through 3.0% agarose gels, transfered to Gene Screen Plus
(DuPont), and hybridized to an agouti cDNA probe as described above.

RESULTS

Structural DNA Rearrangements Associated with the a, and A"*

Alleles

As part of our recent molecular characterization of the agouti gene, we

identified DNA insertions within a 700-bp interval in the first intron both in

a and in an mutation called a^-2Gso (formerly referred to as SB B+T,
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Bultman et al., 1992). This 700-bp region is defined by ̂ ^coRI and Bglll

restriction sites and is illustrated in Fig. lA. More recently, we determined

that a new mutation called also contains a DNA insertion in this

same 700-bp interval (see below). To elucidate the molecular nature of the

inserted sequences, overlapping DNA fragments spanning the insertions

were cloned from the a, a^-2Gso^ ^w-38J alleles. In all cases, the structure

of the mutant fragments was compared to the corresponding cloned wild-

type (A) region (Fig. 1). These analyses demonstrated that insertions of

approximately 11 kb, 6 kb, and 0.6 kb are present in the first intron of the a,
at-2Gso^ and alleles, respectively (Fig. 1).

DNA sequence analysis of the cloned fragments revealed that the

ends of the inserted DNA are identical in a, a^-2Gso^ and and

correspond to the 5' and 3' regions of the long terminal repeat (LTR) of a

retrovirus-like VL30 element (Figs. 1 and 2). In fact, restriction mapping

and DNA sequencing analyses of the inserted regions indicated that a and

each contain a complete 5.5-kb VL30 element, nearly identical to the

element already reported (Adams et al., 1988; Hodgson et al., 1990) (Fig. 1).

The VL30 sequences within both a and a^-2Gso each contain an additional
DNA segment that is unique to each allele (see below), while in A^-^SJ only

a single LTR is present (Fig. 1). The VL30 sequences in all three alleles are

integrated in the opposite transcriptional orientation relative to agouti

(Figs. 1 and 2).

For both the a and a^-2Gso mutations, sequence analyses indicated

that the additional segment of DNA within the VL30 element interrupts the

VL30 sequence between nucleotides 2473 and 2474 of the published

sequence (Hodgson et al., 1990) (Fig. 1). The size of this additional sequence

was determined to be 5.5 kb for the a allele and 526 bp for the a^-2Gso allele.

The complete nucleotide sequence of the 526-bp insert within the VL30

element of a^-2Gso ̂ ^s determined and compared to the sequence of selected
regions from the a allele. This analysis revealed that the extra 5.5-kb insert

within the VL30 sequence in a contains direct terminal repeats of 526 bp in

length, each of which corresponds to the single 526-bp insert in the a^-2Gso
allele (Fig. 1). Comparison of the sequence of this 526-bp direct repeat with

GenBank indicated that it is 90% identical to a region between two T-cell
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receptor (TCR) y variable region gene segments, V10.8A and V10.8B, which

lie 3.5 kb apart in an opposite transcriptional orientation (Hayday et al.,

1985; Garman et al., 1986) (Fig. 3). The functional significance of this

homology is presently unclear because the 526-bp region does not correspond

to a defined regulatory element or cis-acting sequence responsible for
somatic recombination events that produce functional TCRs. Furthermore,

hybridization of the 526-bp region to total mouse DNA revealed that it is
repetitive in the mouse genome, suggesting that the 526-bp region is a
member of an, as yet, uncharacterized family of DNA repetitive elements

(data not shown). The nature of the other sequences within the inserted 5.5-
kb of DNA in the a allele is currently under investigation.

Characterization of the sequence flanking the inserted VL30

sequences for the a, a^-2Gso^ and alleles showed that the integrated
DNA occurs at precisely the same position in each case (Fig. 2).
Furthermore, a duplication of four nucleotides of host DNA at the

integration site, and the fact that two bp are missing from the end of each
LTR, suggests that the integration of VL30 into the agouti gene occurred
through the same mechanism that is normally associated with the
integration of retroviral sequences (Dhar et al., 1980; Shimotohno et al.,
1980; Van Buren et al., 1980; Varmus, 1982). This finding is in accord with

VL30 integrations that have been characterized previously (Hodgson et al.,
1983; Itin and Keshet, 1983).

Molecular Analysis of Several New a' and A"' Reverse Mutations

Based on the analysis of the a^-2Gso and mutations, we
hypothesize that each arose by excision of inserted DNA from the a allele
through homologous recombination. In the case of a^-^Gso^ predict that
homologous recombination between the 526-bp direct repeats occurred to
remove most of the additional 5.5 kb of inserted sequence, and in we

predict that homologous recombination between the VL30 LTRs removed
most of the 11 kb of inserted sequence present in the a allele (Fig. 1). If

homologous recombination is indeed playing a role in the reversion from a to
or A^, then one would expect several independent and A"' mutations

that arise from a to exhibit the same structural alterations as those
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observed for a^-2Gso and respectively. To test this possibility, we
analyzed DNA from twenty-one new mutant animals that arose in the

C57BL/6J (a/a) colony at The Jackson Laboratory over the past two years.

Eleven of these new mutants exhibited a phenotype identical to a^ and ten

others displayed a phenotype identical to A"' (Table 1). All of these

mutations pass through the germline and presumably represent

spontaneous reverse mutations from a to a^ or A^.

Genomic DNA from each of the original mutant animals listed in

Table 1 was analyzed utilizing probe 0.6, which lies just 3' to the insertion

site in the a, and mutations (see Fig. 1). This probe

hybridizes to BglH fragments of 6 kb, 7 kb, and 2.6 kb in DNA from the a, a^'
2Gso^ and mutations, respectively (Figs. 4 and 5). As expected, DNA

from each of the eleven new mutant animals contained a BglQ. fragment of

7 kb, which is identical in size to that of a^-^Gso (pig, 4), Similarly, DNA

from each of the 10 new A"* mutant animals contained a Bglll fragment of

2.6 kb, which is identical in size to that (Fig. 5). The agouti alleles

in the inbred strains 101 {A'^/A'^) and C3H {A/A), in contrast, are associated

with a 2-kb Bglll fragment, indicating the absence of any inserted sequence

(Fig. 5). Further analysis of genomic DNA from each of the twenty-one new

reversion mutants indicated that they also have the same size-altered

Bam HI fragments as those observed for the a^-2Gso and mutations
when hybridized with a probe that lies just 5' to the DNA insertions (see

probe 1.5 in Fig. 1; data not shown). Based on these data, we propose that

all of the new reverse mutations contain the same DNA structural

alterations that are present in the a^-2Gso and mutations.
Furthermore, because we analyzed each of the "original" mutants we were

able to determine that the reversions arose through intrachromosomal

recombination. If the reversions had occurred through interchromosomal

recombination, then we would have detected a size-altered restriction

fragment associated with the reciprocal recombination product on the other

chromosome, and we did not (data not shown). Due to the relatively large

size of the DNA segment that is excised from a in A^ revertants, we have

been unable to identify a diagnostic restriction enzyme necessary to perform

a similar analysis for A"^.
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Additional Forms of Agouti Transcripts

As part of our recent molecular analysis of the lethal-yellow (Ay)

mutation, we determined that Ay produces chimeric transcripts in which the

first noncoding exon of agouti is replaced by the noncoding first exon of a

closely linked gene called Raly (hnRNP associated with lethal y.ellow)

(Michaud et al., 1993). During the course of this analysis, a number of Ay

cDNA clones were isolated that contained differentially spliced segments,

111 bp and 46 bp in length, integrated between the Raly and agouti exons

(Michaud et al., 1993). These segments have been mapped to a region

immediately 3' to a deletion breakpoint associated with the Ay mutation,

which positions them approximately 110 kb upstream from the first coding

exon of agouti (Michaud et al., 1994). We initially attributed these

segments to cryptic splicing events associated with the Ay allele but could
not rule out the possibility that the Ill-bp and 46-bp segments actuaUy

represent additional 5' exons of the agouti gene.

Here we demonstrate that the Ill-bp and 46-bp segments are

differentially incorporated into agouti-specific transcripts that are

structurally different from the agouti mRNA originally described (Bultman

et al., 1992; Miller et al., 1993). The RNAs that incorporate the Ill-bp

and/or 46-bp segments, here referred to as form II transcripts, were detected

with a reverse transcriptase-polymerase chain reaction (RT-PCR) assay

using an oligonucleotide primer from the Ill-bp region (primer 1) coupled
with a primer from the third agouti exon (primer 3) (Fig. 6A). These primers

produced PGR products of 380 bp and 334 bp in size, depending on the
presence or absence of the 46-bp exon in skin from the ventrum, but not the
dorsum, of four and five day old A^la, a^la^, and A^/A mice (Fig. 6B). Both of

the form II transcripts are also present in Ay/a neonatal skin (and in adult

tissues, see Michaud et al., 1993a), which was included as a positive control.

In contrast, neither of the form II transcripts could be detected as ethidium-

stained RT-PCR fragments in the ventrum or the dorsum of age-matched

neonatal AJA or ala mice (Fig. 6B), which explains why these forms of agouti

mRNA were not detected originally (Bultman et al. 1992).
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Additionally, a similar RT-PCR assay was utilized to detect the

presence of agouti transcripts that incorporate the 5' noncoding exon that we

originally identified as the first agouti exon (Bultman et al. 1992). This

form of agouti mRNA, here referred to as the form I transcript, was detected

with a primer from the originally defined noncoding first exon (primer 2)

coupled with same third exon primer as above (primer 3). With these

primers, form I mRNA produced a single 315-bp PGR product of the

expected size (Fig. 6A). Form I transcripts were detected in both the dorsum

and the ventrum of four and five day old A!A, A^la, and A'^IA mice, but not in

the dorsum or the ventrum of age-matched a!a or a^/a^ mice (Fig. 60).

Overall, these RT-PCR analyses demonstrate that A/A mice produce

form I transcripts in both their dorsal and ventral skin but do not produce

form II transcripts. Conversely, a^ta^ animals do not express form I

transcripts and express form II transcripts but only in ventral skin and not

in dorsal skin. Animals carrying the A^ allele (derived either from or

101) express both the form I and the ventral-specific form II transcripts, and

ata animals do not express detectable levels of either the form I or the form

II transcripts (Table 2).

DISCUSSION

DNA Insertions in a, a^-2Gso^ and A^^'^

As part of our recent molecular characterization of the agouti gene, we

determined that the a and a^-2Gso mutations each contain an extra fragment

of DNA within an intervening sequence of the gene (Bultman et al., 1992).

More recently, we determined that a new A^ mutation, called also

contains an extra fragment of DNA within this same region. Based on the

analysis of genomic clones that span these inserted sequences, we now

report that the insertions are 11 kb, 6 kb, and 0.6 kb in a, and A"'-

respectively, and that they are all integrated at precisely the same

position. The 11-kb insertion in a includes an entire 5.5-kb VL30 element

plus an internal 5.5 kb of additional sequence flanked by direct terminal

repeats of 526 bp. The 6-kb insertion in a^-2Gso also includes an entire VL30
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element but contains only one 526-bp direct repeat internally. The 0.6-kb

insertion in corresponds to a single, intact VL30 LTR.

VL30 elements are retrovirus-like structures, approximately 5.5 kb in

size, that are dispersed throughout rodent genomes at about 100 to 200

copies (Besmer et al., 1979; Keshet et al., 1980; Keshet and Itin, 1982).
Although VL30 elements have not been shown to encode any polypeptides

and are replication-defective, RNA copies of their genome are capable of

being co-packaged by endogenous murine leukemia viruses and
retrotransposed when the pseudovirion infects new cells and the VL30 RNA

undergoes reverse transcription and integrates into the host cell genome

(Scolnick et al., 1979; Carter et al., 1986). Because retroviral-like elements,

particularly intracisternal A particles, have been shown to affect the
expression of numerous genes, even when integrated in the opposite

transcriptional orientation (Kuff and Lueders, 1988), we propose that the

inserted VL30 elements in the a and insertions are responsible for the

alterations in agouti gene expression (see below).

Reverse Mutations From a to and A"' are Mediated by Homologous

Recombination

Comparison of the structure of the a, a', and A"* insertions suggests a

model that explains the high rate of reverse mutations from a to a' or A"'.
Based on the finding that the VL30 element in a^-2Gso contains a single copy
of the 526-bp direct repeat associated with a, we propose that the reversion

from a to occurs by excision of 5 kb of DNA (the sequence integrated in the

VL30) from the a allele, brought about by homologous recombination
between the 526-bp direct terminal repeats. Likewise, since the insertion in
AW-38J is comprised of only a single VL30 LTR, we propose that the

reversion from a to A^ occurs by excision of the entire insertion in a except

for one VL30 LTR, brought about by homologous recombination between the

VL30 LTRs. This model is supported by the fact that each of eleven new a'
mutations and ten new A"^ mutations appear to have the same structural

rearrangements as those found in the a^-2Gso or mutations.
Additional support for a homologous recombination mechanism comes from

the fact that the reversion of a to and A^ occurs with a frequency of 4.7 x
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10"®, which is comparable to the reversion frequency of 3.3 x IQ-S for the

original dilute (d) coat-color mutation (Schlager and Dickie, 1967). The d

mutation was shown to be caused by a retroviral insertion, and reversion to

wild type occurs by homologous recombination between the LTRs (Copeland

et al., 1983). Although we expect that this model will explain the genetics of

a, a^, and A"', we cannot definitively rule out the possibility that other

structural alterations might also be associated with these alleles.

Multiple Forms of Agouti mRNA

We previously demonstrated that the agouti gene produces a 0.8-kb

mRNA in neonatal skin and that the abundance of this mRNA correlates

well with the presence of phaeomelanin (Bultman et al., 1992; Michaud et

al., 1993). However, RT-PCR experiments presented here clearly

demonstrate that, instead of producing a single species of mRNA, the agouti

gene produces a number of similarly-sized transcripts that are different at

their 5' ends. One class of transcript, referred to here as form I, consists of

sequence derived from the first, second, third, and fourth agouti exons as

originally described (Bultman et al., 1992; Miller et al., 1993). This form I

transcript is expressed in skin from both the ventrum and the dorsum of fom-

and five day old A/A, A"^la, and A'^/A mice, but neither in the ventrum nor the

dorsum of age-matched da or a'/a^ mice (Table 2). Furthermore, expression

of the form I transcript is regulated during early postnatal development such

that it is produced while melanocytes are actively depositing phaeomelanin

into agouti hair follicles between days three and seven (Galbraith, 1964;

Sakurai et al., 1975), but is absent both before and after this interval (data

not shown). A second class of transcripts detected by RT-PCR, referred to

here as form II, consists of differentially incorporated Ill-bp and 46-bp

segments spliced to the agouti coding exons. Both of these transcripts are

expressed in skin from the ventrum, but not the dorsum, of four and five day

old A^la, a^la^, and A^IA mice. In contrast, form II transcripts are not

detected in the ventrum or the dorsum of age-matched A/A or a!a mice

(Table 2); this is the reason why these different forms of agouti mRNA were

not originally identified in the analysis of the A allele, which was presumed

to be wild type (Bultman et al. 1992). Furthermore, the form II transcripts
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are expressed throughout the hair-growth process in the ventrum of A^IA

mice (data not shown). Taken together, these findings provide compelling

evidence that the form I transcript is associated with the production of the

subapical band of phaeomelanin in agouti hair throughout the pelage and

that the form II transcripts are responsible for the predominating yellow

pigmentation over the ventral surface in the A"^ and aP alleles.

The fact that AJa^ mice have a phenotype that is identical to that of

A^ (Dunn, 1928; Silvers, 1979) is consistent with the expression data

presented here. produces both form I and form II transcripts, whereas A

produces only the form I transcript and of' produces only form II transcripts.

AJa^ mice would be expected to produce both forms of transcripts as a result

and exhibit a phenotj^e identical to that of A"^.

From our analyses, form I and II agouti transcripts differ only in their

5' noncoding regions and apparently encode the same protein. Additional

analysis of the Ill-bp segment has revealed that it may be comprised of two

separate exons (Michaud et al., 1994), neither of which contains a

termination codon (Michaud et al., 1993). For this reason, we cannot exclude

the possibility that the 334-bp form II mRNA that contains only the Ill-bp

segment actually has a 5' extension of the agouti open reading frame. Also,

because the Ill-bp and 46-bp segments each contains a functional splice

acceptor at its 5' junction (Michaud et al., 1993; unpublished data), we

predict that there must be at least one more exon upstream of the Ill-bp

segment which is normally at the 5' end of form II transcripts. These

matters are currently under investigation.

The Insertions in a and Modulate the Expression of Form I and

Form II Agouti Transcripts

Comparison of the structure of the a, and A^ alleles suggests a

model that explains how each insertion alters agouti gene expression. We

propose that the VL30 element, along with the 5.5 kb of additional

sequence, essentially shuts off agouti gene expression in the a mutation by

negatively regulating the production of both form I and form II mRNA. This

is presumably the case throughout the pelage, except for very restricted

areas near the pinnae, mammae, and perineum, where phaeomelanin
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deposition still occurs. It is likely that any agouti transcripts produced from

the mammae in the samples we analyzed (skin samples containing the

pinnae and perineum were not used in our experiments) were present at a

sufficiently low level as to be undetectable with our molecular techniques.

Additionally, we propose that in the mutation, the inserted segment of

DNA (VL30 containing a single copy of the 526-bp direct repeat)

downregulates the production of form I transcripts but does not significantly

affect the production of form II transcripts. Perhaps the inserted element in

is acting in a localized manner such that it does not influence the

expression of the form Il-specifiic exons, which are located approximately 100

kb upstream of the inserted VL30 sequences. The mechanism through

which the inserted elements in a and alter agouti expression is currently

under investigation.

is Wild Type

As demonstrated here, all of the alleles that arise through

reversion from a contain a solo VL30 LTR in the first intron of the agouti

gene. It is possible that this solo LTR is redirecting agouti gene expression

in a manner that is consistent with the production of form I and form II

mRNAs in the A"' allele. Alternatively, based on the analysis of wild-type

reversion alleles of the dilute mutation (Copeland et al., 1983), it is possible

that the remaining LTR has no functional significance and does not interfere

with the normal expression of the agouti gene. We favor the latter

possibility based on our analysis of the allele in the 101 inbred strain;

this A^ allele does not contain a solo VL30 LTR in the same site as does A^'

38J or any of the other reversion mutants that we have thus far analyzed

(S.J.B., H.O.S., M.T.D., and R.P.W., unpublished results). This implies that

the original a mutation arose on a white-bellied agouti background.

Furthermore, since form II transcripts are expressed in A^ but not in A, we

propose that A^ is the true wild-type allele and that A actually represents a

loss-of-function mutation in which form II transcripts are not expressed.

This is of particular interest because both A and A^ have traditionally been

referred to as wild-type agouti alleles. The proposal that A"' is the true

wild-type agouti allele is not only compatible with the molecular data
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presented here but is also consistent with reports that most populations of
wild mice have a white-bellied agouti phenotjT)e (Silvers, 1979).
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Table 1. New and mutations analyzed by Southern analysis.

Remutation Number Strain of Origin

j^W-34J

j^W-35J

j^W-36J

j^W-37J

j^W-38J

j^W-39J

AW-40J

AW-4IJ

AW-42J

j^W-43J

j^W-44J

C57BL/6J

BlO.BL/SgSnJ

C57BL/6J

C57BL/6J

C57BL/6J

C57BL/6JN-Sp

C57BL/6J

C 5 7 BL/KsJ - d 6/n

C57BL/6J

C57BL/6J

C57BL/6J

a,t'46J

at-47J

Qt-48J

(jt-49J

Qt-SOJ

qI-SU

Qt-52J

Qt-53J

at-54J

Q^t-55J

qI-SSJ

C57BL/6J

C 5 7 BL/KsJ - d 6 m

C57BL/6J

C57BL/6J

C57BL/6J

C57BL/6J

C57BL/6J

C57BL/6J

C57BL/6J

C57BL/Ks-d6/n

C57BL/6J X DBA/2J
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Table 2. Dorsal (D) and ventral (V) distribution
of form I and form II transcripts in neonatal

skin from mice with different agouti genotypes.

Genotype Form I Form II

A/A D&V

A^/A D&V V

AVa D&V V

a^/a^ - V

a/a
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Figure 1. Identification of DNA insertions in the first intron of the

agouti gene in the a, and alleles.

(A) Schematic representation of the genomic structure of the wild-type

agouti gene with the 5' end enlarged immediately below. The four exons are

depicted as solid boxes, and introns and flanking sequences are drawn as a

sohd, horizontal line. The insertion sites in a, a', and are highlighted by

a vertical arrow. The positions of two probes, 1.5 and 0.6, are indicated. B,

BamHl; R, iJcoRI; Bg, Bglll. (B) Schematic representation of the 5' end of

the agouti gene in the a and a^-^Gso mutations. Insertions of 11 kb in a and 6
kb in are represented by rectangles. The wide portion of the rectangles

represents VL30 sequence with cross-hatched regions corresponding to the

LTRs. Numerals refer to nucleotides within VL30 in the 5' to 3' orientation

and are based on the published sequence (Hodgson et al., 1990). The narrow

portion of the rectangles represents additional sequence integrated between
positions 2473 and 2474 of VL30. This additional sequence is
approximately 5.5 kb in a and is bound by 526-bp direct repeats (stippled
region with arrows above). All of this additional sequence is absent in the
insertion, except for one of the 526-bp direct repeats (indicated by dashed

lines). (C) Schematic representation of the 5' end of the agouti gene in the a
and alleles. All of the 11-kb insertion in a is absent in the A^ allele,

except for one VL30 LTR (indicated by dashed lines).
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Figure 2. Nucleotide sequence of a region of DNA spanning the

insertion site in A, a, a^^Gso^ and

Wild-type agouti intron sequence is shown 5' to 3' in upper case

letters. The sequences at the ends of the insertions in a, and A^ are

identical and correspond to the LTRs of a VL30 provirus, as shown below in

lower case letters. The stippled box highlights a 4-bp duplication of agouti

sequence at the VL30 integration site in a, aP, and A^.
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Figure 3. Nucleotide sequence comparison between the 526-bp

direct terminal repeats in the o and a' insertions (stippled

region of the narrow rectangles in a and a' in Figure 1) (top

sequence) and part of an intergenic regulatory region between

two TCR Y variable gene segments (bottom sequence).

The sequence is presented colinear with the arrows shown above the

526-bp repeats in Fig. IB. The three capitalized nucleotides at the 5' end of
the 526-bp repeat are present in and in the repeat apposed with

nucleotide 2474 of VL30 in a but are absent in the repeat apposed with

nucleotide 2473 of VL30 in a.



1 agaCTCtgtcagagaccatcccgtgagaaagtgagcccttcacaatctcc 50

I  I l i l i i i i l l l l l l l i i i i i i i i i i i i i i i i i i i i i i i i i i i i
1682 GAATT6TGTCAGAGACCATCCGGT6AGAAAGCGAGCCCTTCACAATCTCC 1731

•  • • • •

51 ctagcaggccaaatgg.cttgtactgagagctggttgtcacccccctttc 99

I I I I I I I I I I I I I Mi l l I I l l l l l l l l I I I I I I I I
1732 CTAACCAGCCAAATGGCCTTGTGCTAGTAGCTGGTTATTACTCCC...TC 1778

•  • • • •

ICQ ctccctattcctttcctggcacctgaggctgtaaaagctgaattatagtc 149

MM MMM Ml MMMMMMMMMMMMMMMMM
1779 CTCCGTATTCCCTTCTTGGCACCTGAGGCTGTAAAAGCTGAATTATAGTC 1828

•  • • • •

150 ccctcttccctatctcttcctgagttcccatgccatccaaggacatgagt 199

MMMMMMMMMMI I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1829 CCCTCTTCCCTATCTCTTCCTAAACTCCCATGCCATCCAAGGACATGAGT 1878

*  • • • •

200 tacgcctgagcctagcctgacccccaaggctgtcaaggaggatcgatgtt 249

I  MMMMM l l l l l l l l MMMMMMM MMMI Mi l l
1879 TTCGCCTGAGCCCAGCCTGACACCCAAGGCTGTCAAAGAGGATCTATGTT 1928

•  • • • •

250 ccagagataagatccagagtgcccgctgcctggcgcctgacttcggcccc 299

MMMMMMI MMMMMMMMMMMMMMI MMM
1929 CCAGAGATAAGATGCAGAGTGCCCGCTGCCTGGCGCCTGACTTTGGCCCC 1978

300 catgtcagcagatgcccacttctttgttctttgtataattctccctcgac 349

MMMMMMMMI MMMMMMMMI MMMMMI 1 1
1979 CATGTCAGCAGATGCCCGCTTCTTTGTTCTTTGTAAAATTCTCCCTCAAC 2028

•  • • • •

350 ccctcccatattccccgcgatgtatgctttaaaaagaaggcacctcagcc 399

MMMI MM MM 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2029 CCCTCCCCTATT. CCCGGGATGTATGCTTTAAAAAGAAGGCACCTCAGCA 2077

*  • • • •

400 taataaacgagaccttgataggttcaatctacttggtcctcgactcttct 449

MMMMMMMMMMMI I 1 1 I Mi l l I I 1 1
2078 TAATAAACGAGACCTTGATAGGT..ACCCTTCCTGGTCTCCTGCCTCTCC 2125

450

2126

ttcttttactcccatttccttccaggtttgcggtccccctcgcacccacg

Ml 1 1 MMMI MMMMMMMMMMMMI l l l l l l l l
TTCCCTTCCTCCCATCTCCTTCCAGGTTTGCGGTCCCCCTCTCACCCACG

499

2175

500 aataactgagtcccgcgggacgggata 526

I I I I I I I I I MMMMMMMMI
2176 AATAACTGAATCCCGCGGGACGGGATA 2202
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Figure 4. Southern blot analysis of reverse mutations of a to

Genomic DNA prepared from the a^-2Gso stock (a^a^), nine of the new
mutants summarized in Table 1 (a^la), and the C57BL/6J genetic

background on which eight of these mutations occurred on (a/a) were

digested with Bglll, blotted, and hybridized with a 32p.labeled fragment of
DNA corresponding to probe 0.6 (see Fig. 1). Sizes of the DNA fragments

detected by probe 0.6 are shown on the right. The and mutants

display the same 7-kb Bglll fragment as the other a* mutants (data not
shown). The signal corresponding to the 7-kb a^ fragment is faint relative to

the 6-kb a fragment in due to mosaicism.
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Figure 5. Southern blot analysis of reverse mutations of o to

Genomic DNA prepared from the eleven new mutants described in Table
1  the C57BL/6J genetic background on which nine of these mutations

occurred on (a/a), and the inbred strains 101 {A^IA^) and C3H {A!A) were

digested with Bglll, blotted, and hybridized with a 32p.labeled fragment of
DNA corresponding to probe 0.6 (see Figure 1). Sizes of the DNA fragments

detected by probe 0.6 are shown on the right. The signal corresponding to

the 2.6-kb A^ fragment is faint relative to the 6-kb a fragment in A"^'
and due to mosaicism. (A'^/a) is a non-mosaic offspring

of the original mutant that was included because the 2.6-kb A"'
fragment is more apparent.
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Figure 6. Identification of two forms of agouti transcripts by RT-

PCR.

(A) A schematic map of the agouti gene showing the approximate

locations of exons (boxes labeled A, B, I, II, III, and IV) and oligonucleotide

primers (arrows labelled 1, 2, and 3) used in the PGR analysis. The map is

shown 5' to 3' (left to right), and the position of the chromosome 2 centromere

is indicated to the left (Michaud et al. 1994). The size of each exon or

portion of exon amplified with the indicated primers is given in bp enclosed

in parentheses above. Each of the boxes labelled A and B may consist of one

or more exons (see Discussion). The RT-PCR products detected are shown

below the map. Primers 1 and 3 amplify 380-bp and 334-bp portions of form

II transcripts that consist of the exons indicated, whereas primers 2 and 3

amplify a 315-bp segment of the form I transcript comprised of the indicated

exons. (B and C) RT-PCR products amplified with primers 1 and 3 (B) or

primers 2 and 3 (C) from total RNA treated with (+) or without (-) reverse

transcriptase. All of the RNA samples were derived from the dorsal (D) or

ventral (V) skin of 4 to 5 day old neonatal mice of the following genotypes

and strains; A/A (C3Hf/Rl), A^/a (A stock), a/a (C57BL),

(original), A^/A (C3H x 101), and Ay fa. Shown are photographs of RT-PCR

products size-fractionated in agarose gels and stained with ethidium

bromide. Numbers to the left of each panel indicate the sizes in bp of the 1

kb ladder molecular weight marker (lane M); numbers to the right of the

panels indicate the sizes of the RT-PCR products. The 520-bp fragment was

amplified using oligonucleotide primers specific for the 13-actin mRNA and

serves as a positive control. Although the 380-bp fragment of the form II

transcript is not readily visible in the ventral skin of (panel B), it and

the other agouti-specific fragments hybridized to an agouti cDNA probe after

the gel was Southern blotted to a nylqp membrane (data not shown).
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PART VI

THE EMBRYONIC LETHALITY OF HOMOZYGOUS LETHAL

YELLOW MICE (AV/AV) IS ASSOCIATED WITH THE DISRUPTION
OF A NOVEL RNA-BINDING PROTEIN



159

ABSTRACT

Lethal yellow (Ay) is a mutation at the mouse agouti locus that is

associated with an all yellow coat color, obesity, diabetes, and tumors in

heterozygotes, and preimplantation embryonic lethality in homozygotes. We

previously cloned and characterized the wild-type agouti gene and

demonstrated that it expresses a 0.8-kb mRNA in neonatal skin. In

contrast, lethal yellow expresses a 1.1-kb transcript that is ectopically

overexpressed in all tissues examined. The Ay mRNA is identical to the

wild-type agouti transcript for the entire coding region, but the 5'

untranslated sequence of the agouti gene has been removed and replaced by

novel sequence. Here we demonstrate that the novel 5' sequence in the Ay

mRNA corresponds to 5' untranslated sequence of another gene that is

normally tightly linked to agouti in mouse chromosome 2. This other gene

(Raly) has the potential to encode a novel RNA-binding protein that is
normally expressed in the preimplantation embryo, throughout

development, and in all adult tissues examined. Importantly, the Ay

mutation disrupts the expression of the Raly gene. The data suggest that

the Ay mutation arose from a DNA structural alteration that affects the

expression of both agouti and Raly. We propose that the dominant

pleiotropic effects associated with Ay may result from the ectopic
overexpression of the wild-type agouti gene product under the control of the

Raly promoter, and that the recessive embryonic lethality is likely due to the

lack of Raly gene expression in the early embryo.

INTRODUCTION

The agouti (a) locus in mouse chromosome 2 is recognized most widely

for its role in the regulation of coat pigmentation (reviewed by Silvers, 1979).

There are, however, several agouti locus mutations that also cause

embryonic lethality in homozygotes, and these mutations have served as
useful genetic reagents for the analysis of early mouse development
(Papaioannou and Mardon, 1983; Lyon et al., 1985; Papaioannou and
Gardner 1992). The most notable of these mutations is lethal yellow (A>'),
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which dates back to the mouse fancy and derives it name from the fact that

homozygotes die prenatally and heterozygotes have a completely yellow

pelage. The Ay mutation causes a number of dominant pleiotropic effects in

addition to the yellow pelage, including obesity (Dickerson and Gowen, 1947;

Fenton and Chase, 1951; Carpenter and Mayer, 1958; Plocher and Powley,

1976; Friedman and Leibel, 1992), non-insulin dependent diabetes

(Hellerstrom and Hellman, 1963), and increased tumor susceptibility

(reviewed by Wolff et al., 1986; Wolff, 1987).

Ay was the first mammalian mutation to be found associated with

embryonic lethality, which was revealed by a modified Mendelian ratio

among offspring of phenotypically yellow parents (Cuenot, 1908; Castle and

Little, 1910; Ibsen and Steigleder, 1917; Kirkham 1917, 1919). Early

histological studies placed the time of death oiAy/Ay mice between 5.5 and
6.5 days post coitum (Robertson 1942; Eaton and Green, 1963), but
subsequent experiments with preimplantation embryos in culture indicated
that deleterious effects of the Ay mutation may be manifested in early

cleavage (Pedersen, 1974; Pedersen and Spindle, 1976; Granholm and
Johnson, 1978). Overall, these experiments suggested that the Ay mutation

causes developmental defects over a range of time between early cleavage

and implantation, but no tissue or stage-specific effect of the Ay mutation

was identified.

Papaioannou and Gardner (1979) sought to determine whether Ay

affects either the trophectoderm or the inner cell mass (ICM) of the

blastocyst exclusively, or if acts as a general cell lethal. To address these
issues, they constructed chimeras by transferring the ICM of an Ay/Ay
embryo into the blastocoel cavity of a normal embryo, and vice versa. The
key results from these analyses were that homozygous lethal ICMs survived
and differentiated in normal blastocysts up to at least 10.5 days of

gestation, but that normal ICMs could not rescue the preimplantation
lethality of Ay/Ay blastocysts. Since neither the genotype nor phenotype of
the Ay/Ay embryos could be unequivocally ascertained in these experiments,

the authors analyzed their data statistically and concluded that the Ay

mutation primarily affects the trophectoderm and does not cause a

generalized cell lethality.
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More recently, however, Papaioannou (1988) further investigated the

tissue specificity of the lethal yellow mutation by culturing ICM and

trophectoderm that had been separated from individual blastocysts derived

from {Ay /a^ y.Ay/a^) and control {a^/a^ xAy/a^) matings. Based on these

experiments it was concluded that homozygosity of Ay exerts a detrimental

effect in both the ICM and the trophectoderm. This in vitro result is

consistent with the in vivo experiments later reported by Barsh et al. (1990)

in which aggregation chimeras prepared between Ay /Ay and normal
blastocysts were analyzed for the presence of Ay with a molecular probe at

day 9.5 of gestation or at birth. These experiments suggested that the lethal
effects of A^/A3' cannot be rescued in a chimeric environment.

The molecular nature of the gene(s) responsible for the embryonic

lethality and the dominant pleiotropic effects of Ay is currently unknown.
However, as part of our recently reported work involving the molecular
characterization of the wild-tj^e agouti gene, we made the observation that

the agouti transcript expressed from the Ay allele is slightly larger than the
wild-type transcript. The entire coding region of the agouti gene is intact in
the larger-than-normal Ay transcript, but the first, noncoding exon of the
agouti gene has been removed and replaced by novel sequence, partly
through an aberrant splicing event (Bultman et al., 1992). Based on these
observations, and the fact that the Ay transcript is ectopically
overexpressed, we previously hypothesized that the Ay allele arose through a
structural alteration that caused the disruption of both the agouti gene and

a second gene, resulting in the replacement of the normal promoter and first
exon of agouti with the promoter and 5' end of the second gene (Bultman et
al., 1992). We further proposed that disruption of the agouti gene and its
concomitant ectopic overexpression is associated with the yellow coat

pigmentation and dominant pleiotropic effects of Ay, and that the recessive
embryonic lethality is not related to the agouti gene per se, but is instead
due to the disruption of the function of the second gene.

Here we present a more detailed molecular analysis of the Ay allele,
including the cloning and characterization of that second gene, which we

propose is directly responsible for the embryonic lethality of Ay. This gene
maps very close to the agouti locus, and has a broad temporal and spatial
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pattern of expression, which includes the blastocyst. Most importantly, the
expression of this gene is disrupted in the Ay allele. Sequence analysis of

this gene indicates that it is a member of a family of RNA-binding proteins

that have been implicated in pre-mRNA processing and developmental

regulation.

MATERIALS AND METHODS

Animals

All mice were maintained at the Oak Ridge National Laboratory. The

A^y mice represent a new spontaneous mutation from The Jackson
Laboratory that we determined is homozygous viable, and appears to be

genetically identical to the classical A"y allele (E.J.M., S.J.B., Muriel T.
Davisson, and R.P.W., manuscript in preparation).

RNA Analysis

Total cellular RNA from all tissues (except blastocysts) was extracted

using the guanidine isothiocyanate procedure (Ausubel et al., 1988),
enriched for polyCA)"*" RNA using an oligo(dT)-cellulose column (Aviv and

Leder, 1972), electrophoresed through formaldehyde gels, and blotted to

GeneScreen (DuPont) using standard procedures (Ausubel et al., 1988).
Radiolabeled hybridization probes were prepared with the random hexamer

labeling technique (Feinberg and Vogelstein, 1984). Posthybridization filter
washes were conducted at high stringency (0.2X SSC, 0.1% SDS, 68° C)
unless otherwise noted. Reduced stringency washes were conducted at 0.2X

SSC, 0.1% SDS, 50° C.

Total cellular RNA from blastocysts was prepared as described by

Rothstein et al. (1992).

For RT-PCR analyses, eight |ig of total RNA was reverse transcribed
(Kawasaki, 1990), ethanol precipitated, resuspended in 20 pi of H2O, and
PGR analysis was performed with 2 pi of the sample as previously described
(Pieretti et al., 1991).
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Isolation of cDNA Clones

Total RNA was prepared from A>'/a® adult kidney, and double-

stranded cDNA was prepared by standard procedures (Sambrook et al.,

1989). After the addition of EcoEl linkers, the cDNA was ligated into the

A-gtlO vector (Stratagene), packaged in vitro, and screened with a 32p.
labeled wild-type agouti cDNA probe (Fig. 2 in Bultman et al. 1992) using
standard procedures (Sambrook et al., 1989). Positive clones were purified
and subcloned into pBluescript (Stratagene) for further analysis. Raly
cDNA clones were isolated from a C57BL/6 day 8.5 whole embryo library

(Fahrner et al., 1987) by screening with 32p.labeled probe A (Fig. 1 and 2),
and positive clones were purified and subcloned into pBluescript
(Stratagene).

Isolation of Genomic Clones

Genomic liver DNA from the strain FVB/N was partially digested

with SauSA and size fractionated on a 10-40% sucrose gradient (Sambrook

et al., 1989). Fractions containing 18 to 23-kb fragments were ligated into

the lambda vector, EMBL3 (Stratagene), packaged in vitro, and screened

with 32p.iabeled probe A (Fig. 1 and 2) using standard procedures
(Sambrook et al., 1989). Positive clones were purified and subcloned into
pBluescript (Stratagene).

DNA Sequencing

Genomic and cDNA clones were sequenced by the Sanger

dideoxynucleotide method (Sanger et al., 1977) using T7 DNA polymerase
(US Biochemical) (Tabor and Richardson, 1987). For direct sequencing of
RT-PCR amplified cDNA from the M. musculus/M. spretus hybrids, the
Sanger dideoxynucleotide method was used along with a modified PCR-
template protocol as described (Winship, 1989). Analysis of DNA sequence
was performed using the University of Wisconsin Genetics Computing Group
sequence analysis programs (Devereux et al., 1984).
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RESULTS

The Ay Transcript is a Chimera Composed of Agouti and a Second

Gene

We previously demonstrated that the agouti gene consists of four

exons and is normally expressed as a 0.8-kb transcript in neonatal skin,

whereas the Ay allele is expressed as an approximately 1.1-kb transcript in

neonatal skin and in all adult tissues examined to date (Bultman et al.,

1992). An adult kidney cDNA library was prepared from a lethal yellow
heterozygote (Ayla^) and was screened with the wild-type agouti cDNA clone
(Bultman et al., 1992). Sequence analysis of a partial Ay cDNA clone

revealed that the entire coding region and 3' untranslated sequence of the

agouti gene is identical in the larger-than-normal Ay transcript, but the first,
noncoding exon of the agouti gene has been replaced by novel sequence (Fig.

1). This segment of novel 5' sequence in the Ay cDNA was subsequently used
as a probe (probe A in Fig. 1) to obtain wild-type genomic and cDNA clones.
Sequence analyses of these clones revealed that the novel sequence in the Ay
transcript corresponds to a 5' noncoding exon of a previously uncharacterized

gene (Fig. 1), which we have named Raly because it has the potential to
encode an hnRNP protein that is associated with lethal yellow (see below).

Characterization of Raly cDNA Clones

To characterize the structure of the wild-type Raly gene, we screened

approximately 1.2 x 10® plaque forming units of a day 8.5 total embryo
cDNA library (Fahrner et al., 1987) with probe A (Fig. 1), resulting in the
identification of six clones, three of which were characterized further. Each

of these three clones contains the entire coding region and appears to be full-

length or nearly full-length. The total size of the cDNA clone presented in
Figure 2 is 1517 bp, and with the addition of a poly (A) tract is similar in
size to the 1.6-kb mRNA observed on Northern blots (see below). The cDNA

contains an open reading frame (ORF) extending from nucleotide 262

through 1152, beginning with an ATG codon flanked by sequence that
conforms well to the consensus for translation initiation (Kozak, 1987).
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The translation product deduced from the ORF is 296 amino acids in

length, with an estimated molecular weight of 31.2 kD and an isoelectric

point of 10.17 (Fig. 2). Searches of the NBRF and SWISSPROT data bases

using the algorithm FASTA (Pearson and Lipman, 1988) identified both
human (Swanson et al., 1987; Burd et al., 1989) and Xenopus (Preugschat

and Wold, 1988) heterogeneous nuclear ribonucleoprotein particle C (hnRNP

C) proteins as having striking sequence similarity to Raly.
The hnRNP proteins, a family of proteins involved in pre-mRNA

packaging and processing, belong to a larger family of RNA-binding proteins
that are all characterized by a generally conserved domain consisting of

approximately 90 amino acids (the RNA-binding domain, RBD) that occurs

at least once in these proteins (Bandziulis et al., 1989). The most highly

conserved segments in the RBD are an octapeptide (referred to as RNP 1)

and a hexapeptide (RNP 2); these residues are indicated in the Raly
sequence in Pig. 2. A comparison of the putative 99 amino acid RBD of Raly
to the 94 amino acid RBD of human hnRNP C indicates that, over a 93

residue region, these two proteins are 77% identical and 89% similar, with
no gaps introduced into the alignment (Fig. 3). However, when the
remaining C-terminal portions of these proteins are compared, an optimal
alignment results in 37% identity and 58% similarity after introducing 7
gaps (data not shown). Therefore, although the RBDs of Raly and hnRNP C
share striking sequence similarity and likely have a related function within

the cell, the remainder of Raly is sufficiently unique to indicate that it is not

simply the mouse homologue of hnRNP C. Rather, it appears that Raly
represents a novel member of the hnRNP family of proteins.

The Raly Transcription Unit is Alternately Spliced at the 5' End
Based on the analysis of Raly cDNA clones, we discovered that there

are two forms of the mature Raly transcript present in the day 8.5 total

embryo. These two forms differ only by the presence or absence of an 83-bp
segment in the 5' untranslated region (indicated by capital letters in Fig. 2).
The form depicted in Fig. 2, containing the 83-bp segment, has in-frame
termination codons upstream of the translation initiation codon. The

alternate form of the Raly transcript lacks the 83-bp segment (the form
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illustrated in Fig. 1), which results in the removal of the upstream

termination codons and the extention of the ORF from the ATG to the 5' end

of the cDNA clone. Whether this extension of the ORF is functionally

significant is presently unclear, but it is unlikely since there are no ATG

codons present within this region.

A reverse transcriptase-polymerase chain reaction (RT-PCR) assay

was used to determine if both forms of the Raly mRNA are present in a

variety of tissues, in addition to the day 8.5 total embryo. Oligonucleotide

primers were prepared which correspond to base pairs 108-127 (5' to the 83-
bp segment) and to the reverse complement of base pairs 457-438 (3' to the

83-bp segment) in the Raly cDNA (Fig. 2). If both forms of the Raly mRNA

are present in a given tissue, this assay is expected to result in RT-PCR
products of 350 bp for the transcript containing the 83-bp segment, and 267

bp for the alternate transcript that lacks this sequence. To date, the assay
has been used to examine the blastocyst, neonate skin, and adult brain. The

two expected size fragments were produced in each tissue, and both
fragments were observed at approximately equal intensities (data not
shown). The results of this assay indicate that both forms of the Raly
transcript are expressed at approximately equal levels in each of these
tissues.

Raly and Agouti are Tightly Linked in Chromosome 2

The observation that the Ay allele expresses a chimeric transcript

containing both Raly and agouti sequences, and that the Ay allele has no

detectable rearrangement at the cytogenetic level (N.L.A. Cacheiro, personal
communication), suggested that these two genes may normally be tightly

linked on chromosome 2. To address this issue, genomic probes from both

the Raly and agouti loci were hybridized to Taql digested DNA from 80 Mus
musculus/M. spretus Fi animals (Johnson et al., 1989). The Raly probe

identified fragments of 2.2, 1.8, and 0.9 kb in M. musculus, and fragments of
3.5, 1.8, and 0.9 kb in M. spretus. The agouti probe identified fragments of
3.5, 1.8, 1.7, and 0.5 kb in M. musculus, and a single fragment of 1.9 kb in M.
spretus. The unique sized restriction fragments allowed us to differentiate
the M. musculus and M. spretus alleles. This analysis revealed no
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recombinants between the Raly and agouti sequences, indicating that these

genes are tightly linked on chromosome 2 (95% confidence limits of 0-4.1 cM,

data not shown). Moreover, preliminary pulsed-field data suggest that Raly

and agouti may be no farther than 300 kb apart (data not shown).

In an attempt to begin to analyze the structure of the DNA associated

with the Ay allele, we probed genomic blots with probes specific to the 5' end

of agouti and to the 3' end of Raly (Fig. 4). For the 5' end of agouti, we were

able to differentiate the Ay allele from the balancing nonagouti allele by

exploiting a sequence polymorphism. As shown in Figure 4A, we clearly
demonstrated that the 5' end of agouti in the Ay allele is not deleted or

rearranged. Likewise, to analyze the 3' end of Raly, we utilized a DNA

polymorphism to differentiate the M musculus Ay allele from the M spretus

wild-type agouti allele in an Fi hybrid. In this case, we demonstrated that

the 3' end of the Raly gene is deleted in the Ay allele (Fig. 4B). This

information, coupled with the fact that the promoter and first exon of Raly

are not deleted or rearranged in the Ay allele (E.J. Michaud, S.J. Bultman,

L.J. Stubbs, and R.P. Woychik, unpublished), leads us to conclude that a

deletion is associated with the Ay allele. The deletion removes at least a

portion of the coding sequences at the 3' end of Raly and occurs within the
region between the a gene and the 5' end of Raly.

Raly is Expressed in a Widespread Temporal and Spatial Manner

Given that the 5' end of Raly has been spliced to the coding region of

agouti in the Ay transcript, and that Ay is ectopically expressed (presumably
from the Raly promoter) in a widespread manner (Bultman et al., 1992), it
seemed likely that wild-type Raly would also be expressed in the same

broad temporal and spatial pattern as Ay. A cDNA probe was used to

demonstrate that Raly is, in fact, expressed as a 1.6-kb transcript in the

developing embryo and fetus, in neonatal skin, and in a variety of adult
tissues (Fig. 5A, B). Both forms of the Raly transcript apparently comigrate

on Northern blots because they differ in size by only 83 bases. When the

Northern blot filters were washed at high stringency, only the 1.6-kb

transcript was present in each tissue. Interestingly, when the same filter
was initially washed at a reduced stringency, hybridizing fragments of
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approximately 1.0, 2.3, and 2.7 kb were also present in neonatal skin (Fig.

5A). Under the same reduced stringency conditions, these additional

transcripts are also apparent in advanced stage whole fetuses, possibly due

to the increased percentage of skin in the total fetal RNA (Fig. 5B). Whether

these additional transcripts represent Raly family members that are

uniquely expressed in the skin, or are simply unrelated skin-specific

transcripts that cross-hybridize to Raly remains to be determined.

Importantly, Raly is also expressed in the blastocyst (Fig. 5C), the stage in

which the recessive lethality of the AV mutation is manifested.

The Ay Mutation Disrupts the Expression of the Raly Gene

The molecular structure of the Ay genomic DNA indicated that the Ay

mutation contains a deletion that removes at least a portion of the Raly-

coding sequences near the 3' end of the gene (Fig. 4B).may disrupt wild-type

Raly expression. To provide additional supporting evidence that Raly is not

expressed from the Ay allele, we tested for the expression of one type of Raly

transcript in the Ay allele using a method that exploited a sequence

polymorphism between Mus musculus and Mus spretus. Sequence analysis of

a portion of the 5' untranslated region of the wild-type Raly gene from both

species revealed that M. musculus has a "g" at nucleotide 175 (complement

of sequence in Fig. 2), which is replaced by a "t" in M spretus (first two

panels in Fig. 6). For this purpose, M. musculus females (A^/a) were mated

to M. spretus males (A/A) to produce the Fi hybrids Ay/A (distinguished

from a/A littermates by their solid yellow pelage). Total RNA from both the

Ay/A and a/A Fi hybrids was prepared from day 10 neonate skin, reverse

transcribed, and oligonucleotide primers corresponding to base pairs 108-

127 and the reverse complement of base pairs 457-438 (Fig. 2) were used to

PGR amplify the 5' portion of the Raly mRNA containing the sequence

polymorphism at position 175. The PCR-amplified fragments were then gel

isolated and directly sequenced. The Ay/A Fi hybrid has a "t" at position

175, indicating that Raly is expressed only from the M. spretus allele (A), and
not from the M. musculus allele (A^) (Fig. 6, third panel). The a/A Fi hybrid,

which should express the wild-type Raly of both species, served as a control

for this experiment and, as expected, has both a "g" and a "t" comigrating at
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position 175. The analysis of the a/A control indicated that Raly is capable
of being expressed from both the M. musculus (a) and M. spretus (A) alleles
(Fig. 6, last panel), and that our assay can detect the simultaneous
expression of these two forms of the gene.

The Ay Transcription Unit Forms Unique Transcripts that are
Alternately Spliced at the 5' End

Because Raly is alternately processed at its 5' end, we also tested for
alternative processing in the Ay transcription unit with an RT-PCR assay
similar to the one used above for Raly. In this case, however, we used an
oligonucleotide primer from the first exon of Raly coupled with a primer from
the third exon of agouti (Fig. 7). Results indicated that three different sized
PGR fragments of 284, 395, and 441 bp were produced (Fig. 7), all of which
were of the same approximate abundance in adult spleen and brain (the
tissues examined to date in this manner, data not shown). These three PGR
fragments were subcloned and sequenced, reveahng that each differs at its 5'
end, and that the alternate processing of the Ay transcription unit occurs in a
unique manner compared to Raly (Fig. 7). The 5' end of the first form
contains sequence derived from a region we are referring to as Raly exon I,
the second form contains Raly exon I and an additional Ill-base segment,
and the third form contains Raly exon I, the Ill-base segment, and an
additional 46-base segment. Each of these different 5' ends is spliced to
sequence derived from the second, third, and fourth agouti exons, which
contain the entire coding region of the agouti gene (Fig. 7).

A feature in common to all the Ay and Raly transcripts we have
identified is the presence of sequence derived from Raly exon I. This Raly
sequence was identified as an exon by comparing the wild-type cDNA
sequence to genomic clones, and is considered to be the first Raly exon
because it is present at the 5' end of all cDNA clones characterized thus far.
Interestingly, the 83-base segment that is alternately processed in the Raly
transcription unit has not been found in any of the Ay transcripts, and the
Ill-base and 46-base segments that are alternately processed in the Ay
transcription unit have not been found in either form of the mature Raly
transcript. It has not yet been determined whether the 111- and 46-base



170

segments in the Ay transcription unit are, in fact, Raly exons, or whether
these sequences may arise from cryptic splicing events in a unique pre-

mRNA transcript resulting from the molecular nature of the Ay mutation.

The largest of the Ay transcripts, containing Raly exon I, and the 111-

and 46-base segments, has four in-frame termination codons upstream of

the agouti translation initiation codon. The two smaller Ay transcripts have

an in-frame ORF that continues from the agouti translation initiation codon

to the 5' end of the transcript, however, no ATG codons are present in this

upstream sequence.

The Embryonic Lethality of Ay!Ay Mice May be the Result of the

Disruption of Raly, and not the Ectopic Overexpression of the Agouti

Protein

Viable yellow (A^y) is another dominant agouti locus mutation that

confers the same suite of pleiotropic effects as Ay (reviewed by Wolff et al.,

1986; Wolff, 1987), however, as the name suggests, Apy/APy mice are viable.

As a first step in analyzing the molecular nature of the A^y mutation, we

tested for the expression of the agouti mRNA in several adult tissues of an

A^y heterozygote. We found that A^y mice, like Ay mice, ectopically
overexpress agouti. However, unlike Ay, the transcript size of A^y is the

same as that from the wild-type allele (Fig. 8).

DISCUSSION

The lethal yellow (A>') mutation at the agouti locus in mouse
chromosome 2 confers a number of dominant pleiotropic effects in

heterozygotes and results in the preimplantation lethality of homozygous

embryos. The dominant pleiotropic effects and recessive embryonic lethality
associated with AP have been intensively studied for several decades, but the

molecular nature of the underl5dng defects has remained elusive. As part of

our recent molecular characterization of the agouti gene, we identified a size-

altered agouti mRNA associated with the Ay allele (Bultman et al., 1992).
This larger-than-normal Ay transcript contains the entire coding region of
the agouti gene, but the untranslated first exon has been replaced by novel



171

sequence (Bultman et al., 1992). Here we demonstrate that at least a
portion of this novel sequence in the Ay transcript corresponds to the 5'

region of Raly, another gene that is tightly linked to agouti. Moreover, we

have determined that Raly is normally expressed in a broad temporal and

spatial manner, which includes the blastocyst, and that it normally
produces two alternatively spliced mRNAs that are approximately 1.6 kh in
length. Raly has the potential to encode a protein that has striking amino

acid sequence similarity to the RNA-hinding domain of vertebrate hnRNP C
proteins (Swanson et al., 1987; Preugschat and Wold, 1988; Burd et al.,

1989), which avidly bind to RNA and are probably involved in the processing

of hnRNA within the nucleus of the cell. Most importantly, we have

determined that Raly is not expressed from the Ay allele, and we propose

that this lack of expression is responsible for the recessive embryonic
lethahty of Ay.

The precise nature of the DNA structural alteration that generated

the A3' allele is not yet clear. We do know that the rearrangement involves

two closely linked genes, Raly and agouti, and that a deletion has removed

at least a portion of the 3' end of Raly but has not altered the genomic
structure of the a locus. Our current working hypothesis for the Ay allele is

that a deletion has removed the coding exons of the Raly gene but has not

affected the pomoter and 5'-noncoding sequences. In this scenario,
transcription would initiate normally at the Raly promoter, but since the 3'
end of the Raly gene is deleted, transcription would proceed into the

intergenic region and through the downstream agouti gene. The resulting
large primary transcript would be spliced in such a manner that the
intergenic DNA and the first exon of the agouti gene would be treated as an
"intron", because the next available splice acceptor for the splice donor at

the 5' end of Raly would be provided by the 3' end of the first intron of the

agouti gene. The processed transcript would be expected to contain the 5'
noncoding exon of Raly and the second, third, and fourth exons of agouti,
which is precisely the nature of one of the A3'-specific transcripts described in
this paper. Physical mapping analyses of the Raly and agouti loci in the A3'
allele are currently in progress and should provide direct evidence to support

or refute this working model.
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Previously we reported that the wild-type agouti 0.8-kb mRNA is

expressed specifically within the skin of the neonate, whereas the Ay allele

ectopically overexpresses a 1.1-kb agouti mRNA in a variety of tissues of the

adult animal (Bultman et al., 1992). We further demonstrated that the

increased size of the Ay transcript is due to a rearrangement upstream of the

agouti translation initiation codon, and that Ay retains the potential to

encode the wild-type agouti protein. Based on these observations, and the

likelihood that the agouti protein is a secreted ligand, we proposed that the

Ay allele ectopically overexpresses the wild-type agouti protein, leading to

the dominant pleiotropic effects associated with Ay (Bultman et al., 1992).

However, after sequencing the heterogeneous 5' ends of several Ay cDNA

clones (Fig. 7), we discovered that two of the three different forms of the Ay

transcript have in-frame ORFs that continue from the agouti translation

initiation codon to the 5' end of the cloned portion of the transcript.

Therefore, we must entertain the possibility that a fusion protein is

generated from at least some forms of the Ay transcript. Since no ATG

codons are present in the upstream sequence that we have characterized

thus far, we continue to favor the hypothesis that the Ay transcription unit

produces only a wild-t5q)e agouti protein. Antibodies to the agouti protein

and further analysis of the 5' end of the Ay transcript to search for additional

ATG codons should facilitate the resolution of this uncertainty.

The characterization of the A^y allele lends further support to the idea

that the pleiotropic effects associated with Ay result from the ectopic

overexpression of the wild-type agouti protein. The A^y allele causes the

same dominant pleiotropic effects as Ay, and also ectopically overexpresses

the agouti mRNA. Unlike Ay, however, the A^y transcript is the same size as

the wild-type agouti transcript, suggesting that A^y expresses the wild-type

agouti protein from this normal sized transcript. Experiments are currently

under way to characterize the molecular nature of the A^y mutation.

Whereas the ectopic overexpression of the agouti protein is likely to be

responsible for the dominant pleiotropic effects associated with Ay and A^y,

this is unlikely to be the cause of the recessive embryonic lethality

associated with Ay. Not unexpectedly, the Ay allele expresses the agouti

mRNA in the same broad temporal and spatial pattern as observed for the
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wild-type Raly gene product because the agouti gene is under the control of
the Raly promoter in the Ay allele. Based on our finding that Raly is

expressed in the blastocyst, it is reasonable to deduce that the agouti

mRNA is expressed from the Ay allele in the blastocyst of Ay heterozygotes.

Following this line of reasoning, it is unlikely that the ectopic overexpression

of the agouti gene product is responsible for the embryonic lethality of Ay. If
this were the case, then embryos heterozygous for Ay would also be expected

to show some early developmental phenotype, and they do not. A dosage

effect argument could be invoked in which two agouti expressing Ay alleles,
not just one, are necessary to induce the recessive lethality of Ay. However,
since Raly is associated with the Ay mutation, and is inactivated in the Ay

allele, we favor the alternative possibility that Ay homozygotes fail to
develop beyond the blastocyst stage due to their inability to produce the
Raly gene product. This hjT)othesis is consistent with the recessive nature of
the embryonic lethality. Because we have not yet fully characterized the
structural alteration associated with the Ay allele, we cannot rule out the

possibility that a gene(s) other than Raly has also been affected by the Ay
mutation and contributes to the lethality phenotype. The definitive

experiment to determine if the loss of Raly expression alone is directly
responsible for the prenatal lethality of Ay/Ay mice is to rescue the lethal
phenotjrpe with the wild-type Raly gene in transgenic mice, and this work is
currently in progress.

The observation that the Raly gene encodes a protein whose amino

terminus has 77% sequence identity to the RNA-binding domain of the
hnRNP C proteins provides a framework with which to speculate about its
biochemical function in the early embryo. There are at least 20 abundant

hnRNP proteins present in the vertebrate cell nucleus that are physically
associated with nascent hnRNA transcripts to form hnRNP complexes

(Dreyfuss, 1986; Pinol-Roma et al., 1988; Bennett et al., 1992). The
posttranscriptional processing of hnRNA into mRNA is believed to occur
within these hnRNP complexes. The hnRNP proteins have, in fact, been
shown to bind to pre-mRNAs in a sequence-dependent manner. Notably, the
hnRNP C proteins bind to the 3' end of introns (Swanson and Dreyfuss,
1988) and to sequences downstream of polyadenylation cleavage sites
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(Wilusz et al., 1988), suggesting that they may have a role in pre-mRNA
processing. However, relatively little is known about the precise

physiological functions of hnRNP proteins.

The recent cloning and sequencing of cDNAs for a number of hnRNP

proteins revealed that many of them contain one or two putative RNA-

binding domains (RED) of approximately 90 amino acids. In addition to the

hnRNP proteins, a whole host of nuclear and cytoplasmic RNA-binding

proteins contain one or more of these 90 residue RBDs that are

evolutionarily conserved from yeast to man. Comparisons of these various

proteins revealed that the most highly conserved portions of the RED are an

octapeptide (RNP 1) and a hexapeptide (RNP 2) (reviewed by Dreyfuss et al.

1988, Eandziuhs et al., 1989).

The ribonucleoprotein consensus sequences (RNP 1 and RNP 2) have

also been found in the deduced proteins of several different developmental

regulatory genes of Drosophila. For example, the genes sex-lethal (Eell et

al., 1988) and transformer-2 (Amrein et al., 1988) regulate somatic sexual

development, and the genes elav (embryonic lethal, abnormal visual system)

(Robinow et al., 1988) and couch potato (Eellen et al., 1992) are involved in

the normal development and maintenance of the nervous system. Eased on

the presence of RNP consensus motifs in each of these gene products, and

the observation that these genes most likely exert their regulatory effects at

the posttranscriptional level, it has been suggested that these genes

regulate development by controlling the RNA-processing of other genes that

directly participate in establishing the somatic sexual and neuronal
developmental pathways (Eandziulis et al., 1989).

The striking sequence similarity between the Raly and hnRNP C

proteins suggests that Raly may be functioning in the processing of mRNA

in the preimplantation embryo. Eased on the observation that the

embryonic lethality of Ay may occur as late as implantation, we propose that

Raly is not involved in the generalized RNA processing of most or all of the
genes produced in the early embryo. If this were the case, embryonic
lethality would probably occur much earlier, since de novo transcription

begins in the two-cell embryo of the mouse, and most maternal mRNA in the
embryo is degraded at this time (reviewed by Schultz, 1986). Therefore, it is
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conceivable that Raly may have a specific regulatory function later in

development that somehow relates to the maturation of the blastocyst. on

the other hand, it may turn out that Raly is essential for generalized

processing of transcripts in the early embryo and that enough Raly protein
from maternal mRNA persists in the early embryo to allow development to

the blastocyst stage. Experiments are currently under way to address this
issue.
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Figure 1. The Ay allele encodes a Ralylagouti fusion transcript.

The wild-type agouti transcript is composed of sequence derived from
four exons (numbered 1-4, with their respective sizes indicated below). The
Ay transcript is identical to the wild-type agouti transcript for the sequence
derived from the second, third and fourth exons (coding region), but the

noncoding first exon of agouti has been removed and replaced by the
noncoding first exon of Raly (represented by the shaded region, 169 bases in
length). Probe A corresponds to sequence that was initially identified as
being unique to the 5' end of the Ay transcript, and subsequently used to
isolate wild-type Raly cDNA and genomic clones. The vertical line indicates
that the replacement of the first agouti exon with the first Raly exon in the
Ay transcript occurs precisely at an exon-intron splice junction in both wild-
type genes. The proposed sites for translation initiation in all three
transcripts are indicated by AUGs.
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Figure 2. Nucleotide and predicted amino acid sequence of Raly.

The sequence of probe A (Fig. 1) is underscored by a dashed line. The
83-bp exon that is alternately processed in the mature transcription unit is
indicated by capital letters. The "aataaa" polyadenylation signal is
underscored by a solid line. A putative 99 amino acid RNA-binding domain
(RED) is located at the amino terminus of the 296 amino acid translation
product and is enclosed by a box, with the highly conserved hexapeptide and
octapeptide within the RED underscored by double and single lines,
respectively. The middle of the predicted protein contains a region (amino
acids 120-148) where 19 of 29 residues are hydrophobic, and 16 of these
residues are proline or valine. Enclosed in brackets near the carboxyl
terminus of the predicted protein is a hydrophillic domain where 30 of the 33
residues are glycine or serine, and the domain contains two potential
glycosaminoglycan attachment sites (indicated by filled boxes). The
translation product contains one potential asparagine glycosylation site
(open circle), 12 potential serine/threonine kinase phosphorylation sites
(open boxes), and is acidic, especially over its carboxyl terminus where 17 of
the final 47 residues are aspartic or glutamic acid. The cDNA sequence
presented is a composite of two cDNA clones; cDNA 1 provided all of the
sequence except for the first 59 bp which came from cDNA 4.
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gcgccgtcgcccttcggtgccgcgcggcttcctccagacctcggcg^^TGAGCCCTAT
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Figure 3. Raly is a member of the heterogeneous nuclear
rihonucleoprotein particle (hnRNP) protein gene family.

Shown is the amino acid sequence comparison of the putative RNA-

binding domains from the mouse Raly and human hnRNP C (Swanson et al.,
1987; Wittekind et al., 1992) proteins. Residue identities are depicted by

vertical lines, and moderate and highly conserved substitutions are denoted
by one or two dots, respectively. The highly conserved signature sites of the
RNA-binding domain, RNP 1 and RNP 2, are indicated by solid lines.
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Figure 4. Southern blot analyses reveal that the Ay mutation deletes

the 3' end of Raly but does not alter the 5' end of agouti.

(A) Wild-type {AJA, C3H strain), lethal yellow {Ayla), and nonagouti
(a/a) genomic DNA was digested with BamYil or Xbal, blotted, and
hybridized with a 1,5-kb 32p.iabeled fragment of DNA containing the first
exon of agouti and flanking sequences (probe 1.5 in Bultman et al., 1992).
Probe 1.5 detects an 8.0-kb BamUl fragment and a 4.6-kb Xbal fragment in

both the wild-tjqje agouti and Ay alleles and 16.0-kb BamYil and 3.0-kb Xbal
fragments in the a allele. (B) M. musculus (AJA, FVB/N strain), M. spretus

(AJA), and Ay!spretus [an Fi hybrid from the cross M. musculus (Ayla) x M.
spretus (A/A)]genomic DNA was digested with BglH, blotted, and hybridized
with a 255-bp 32p.iabeled fragment of DNA that was PGR amplified from

the Raly cDNA clone with oligonucleotide primers corresponding to base
pairs 1080-1099 and the reverse complement of base pairs 1334-1315 (Fig.
2). The 255-bp probe corresponding to the 3' end of Raly detects a 5.5-kb
fragment in M musculus, an 8.0-kb fragment in M spretus, and only the 8.0-

kb M. spre^MS-specific fragment in AyJspretus. DNA molecular size standards
are shown in kb.
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Figure 5. Expression of the wild-type Raly gene.

(A and B) Northern analysis. The Raly cDNA clone was 32p-labeled
and hybridized to polyCA)""" RNA (-2.5 |ig per lane) from (A) a variety of
adult mouse tissues and day 4 (d4) neonate skin, and to (B) whole mouse

embryos ranging from day 10 through day 18 of gestation (ElO to E18). The

filter in (A) was washed under high stringency (0.2X SSC, 0.1% SDS at 68°

C) or reduced stringency (0.2X SSC, 0.1% SDS at 50° C) conditions as

indicated. The filter in (B) was washed under reduced stringency conditions.

RNA molecular size standards are shown on the left in kilobases. (C) RT-

PCR analysis. Eighteen C57BL/6J blastocysts were collected at day 3.5 post

coitum, total RNA was prepared, reverse transcribed, and the entire coding

region of the Raly mRNA was amplified by PGR with oligonucleotide

primers corresponding to base pairs 108-127 (5' to the translation initiation

codon) and the reverse complement of base pairs 1334-1315 (3' to the

termination codon) in the Raly cDNA (Fig. 2). The PGR product was

electrophoresed through an agarose gel, transferred to GeneScreen Plus

(DuPont), and hybridized to a 32p.labeled Raly cDNA probe. A non-distinct

fragment of approximately 1.2 kb is present in the blastocyst sample (lane

1), which is consistent with a comigration of the two expected fragments of

1144 and 1227 bp. Lane 2 is the control sample consisting of E. coli tRNA

instead of blastocyst RNA. DNA molecular size standards are shown on the

left in base pairs.
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Figure 6. The expression of Raly is disrupted from the AV allele.

Total RNA from the adult liver of wild-type Mus musculus and M.

spretus, and from day 10 neonate skin of two M. musculus/M. spretus Fi

hybrids {Ay /spretus and a/spretus) was reverse transcribed, and a portion of
the 5' end of the Raly cDNA was amplified by PGR and sequenced. Shown

are bases 178-171 (bottom to top) of the Raly cDNA from these wild-type
mice and Fi hybrids. Mus musculus has a "g" at position 175 (first panel),

whereas a species specific sequence polymorphism at nucleotide 175 results

in a "g" to "t" transversion in the Raly cDNA of M. spretus (second panel).
The Ay/spretus hybrid (third panel) has a "t" at position 175, indicating that
Raly is expressed from the M. spretus allele (+), but is not expressed from the
M. musculus allele (AV). The a/spretus hybrid has a "g" and "t" comigrating

at position 175 (fourth panel), indicating that the Raly gene is expressed
from both the M spretus (-I-) and M. musculus alleles (a).
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Figure 7. The AV transcription unit is alternately processed at the 5'
end, giving rise to three separate transcripts.

Total RNA was prepared from adult Ay spleen, reverse transcribed,

and PGR amplified across the Ralylagouti chimeric junction with
oligonucleotide primers corresponding to base pairs 108-127 of the wild-type
Raly gene [first 20 bases in (B)] and the reverse complement of base pairs
294-275 of the wild-type agouti gene [reverse complement of the last 20

bases in (B)]. As shown in (A), this analysis gave rise to fragments of 284,
395, and 441 bp. Each of these fragments were subcloned into the pCR™ II
vector (Invitrogen) and sequenced. Based on sequence analysis of these PGR
fragments, we deduced that there are three different AV transcripts whose 5'

ends are comprised of the first exon of Raly (Roman numeral one, 169 bases,
stippled box), and variously comprised of 111- and 46-base segments (cross-
hatched and black box, respectively). The sequence derived from the agouti
exons is common to all three AX transcripts and is shown in the open boxes

numbered 2-4. The positions of the oligonucleotide primers and translation
initiation codons are indicated. (B) Gombined sequence of the PGR

fragments in (A). The boxed regions represent the sequences that are
differentially incorporated in the three different Ay transcripts. The

sequence of Raly exon I, and the 111- and 46-base segments are shown in
lower case letters, and the agouti sequence is presented in capital letters.

The boundary between agouti exons 2 and 3 is delimited by a vertical line,
and the predicted amino acid sequence is indicated. The numbers of
nucleotides and amino acids are given on the right.
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Figure 8. Northern blot analysis of agouti locus expression in tissues

of adult viable yellow (A^) mice.

The wild-type agouti cDNA clone was 32p.iabeled and hybridized to

poly (A)"*" RNA (2.5 |j,g per lane) from a variety of adult tissues, and to
wild-type agouti (day 4 neonate skin) and lethal yellow (adult hver) controls.
RNA molecular size standards are shown on the left in kilobases.
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PART VII

A MOLECULAR MODEL FOR GENETIC AND PHENOTYPIC

CHARACTERISTICS OF THE MOUSE LETHAL YELLOW (Ay)

MUTATION
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ABSTRACT

Lethal yellow (A3') is a mutation at the mouse agouti locus that causes

a number of dominant pleiotropic effects, including a completely yellow coat

color, obesity, an insulin-resistant type II diabetic condition, and an

increased propensity to develop a variety of spontaneous and induced tumors.

Additionally, homozygosity of Ay results in preimplantation lethality, which
terminates development by the blastocyst stage. Previously, we

demonstrated that Ay is associated with a deletion of at least part of a gene

called Raly, which maps close to agouti in chromosome 2. Interestingly, we

determined that this deletion does not affect the DNA structure of the agouti

locus. Here we demonstrate that the 5' end of Raly lies 280 kb proximal to

the 3' end of agouti, and that Raly is transcribed in the same orientation as

agouti. We also show that the Ay mutation is the result of a 170-kb deletion

that removes the entire Raly gene, except for the promoter and non-coding

first exon. Furthermore, we present a model for the Ay aUele that can explain

the recessive lethality and the dominant pleiotropic effects associated with

this mutation.

INTRODUCTION

Lethal yellow (A3') is a dominant mutation at the agouti locus that

dates back to the mouse fancy and has been intensively studied for decades.

Lethal yellow heterozygotes develop a uniform yellow coat color over the

entire body, instead of the wild-type agouti pigmentation in which each hair
shaft is black with only a subapical band of yellow. In addition to its effect

on pigmentation, the A3' allele also causes a number of dominant pleiotropic

effects which include a non-insulin dependent diabetic-like condition

(Hellerstrom and Hellman, 1963), marked obesity (Dickerson and Gowen,

1947; Fenton and Chase, 1951; Carpenter and Mayer, 1958; Plocher and
Powley, 1976; Friedman and Leibel, 1992), and an increased propensity to
develop a variety of spontaneous and induced tumors (reviewed in Wolff,
1987; Wolff et al., 1986). When homozygous, the A3' allele also causes a

preimplantation lethality, which was first revealed at the turn of the century
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as an alteration in normal Mendelian inheritance (Cuenot, 1908; Castle and

Little, 1910; Ibsen and Steinleder, 1917; Kirkham, 1917; Kirkham, 1919).
The lethality has subsequently been shown to occur prior to implantation
(Robertson, 1942; Eaton and Green, 1963; Pederson, 1974; Pederson and
Spindle, 1976; Granholm and Johnson, 1978) and to be associated with
abnormalities in both the trophectoderm and the inner cell mass

(Papaioannou and Gardner, 1979; Papaioannou, 1988; Barsh et al., 1990).
Extensive genetic experiments conducted at the Oak Ridge National

Laboratory demonstrated that recombination can occur between Ay and
other alleles at the agouti locus (Russell et al., 1963; Siracusa et al., 1987).
This unusual finding was first revealed in a cross involving Ay and the
recessive-lethal nonagouti (a^) allele. In this case, wild-type agouti offspring

arose in crosses between Ay/a^ compound heterozygotes, and were

unequivocally shown to result from recombination between these two alleles
(Russell et al., 1963). Recombination also appears to have occurred in
crosses involving Ay and the black-and-tan mutation (a^, and in crosses
between Ay and the nonagouti (a) allele (Siracusa et al., 1987). Collectively,

the results from these recombination events place Ay 0.1 cM proximal to

agouti, which led to the suggestion that Ay is pseudoallelic with agouti
(Russell et al., 1963; Siracusa et al., 1987).

The structure of the agouti gene was recently characterized by us

(Bultman et al., 1992) and by others (Miller et al., 1993), and shown to
produce a mRNA of approximately 0.8 kb. We also demonstrated that Ay is
an allele of agouti and it gives rise to three size-altered mRNAs, each
approximately 1.1 kb in length, that are ectopically overexpressed in every
tissue examined to date (Bultman et al., 1992; Michaud et al., 1993). The
A>'-specific transcripts consist of the normal coding and 3' untranslated
regions of the agouti transcription unit, coupled with novel sequences at

their 5' ends (Michaud et al., 1993). Further characterization revealed that
the 5'-most portion of the novel sequence in these Ay transcripts corresponds
to the non-coding first exon of a novel gene. This gene, Raly (hnRNP
associated with lethal yellow), belongs to a family of RNA-binding protein
genes implicated in pre-mRNA processing and developmental regulation.
Raly is normally expressed in a ubiquitous manner, including the
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preimplantation embryo, and is tightly linked to the agouti locus in
chromosome 2 (Michaud et al., 1993). In the Ay allele, it appears that the

coding region of the agouti gene is under the transcriptional control of the

ubiquitous Raly promoter, leading to the proposal that the ectopic

overexpression of the wild-type agouti gene product is responsible for the

suite of dominant pleiotropic effects in Ay heterozygotes (Michaud et al.,

1993). Moreover, because the Raly gene is not expressed from the AV allele,

we hypothesized that the lack of the Raly gene product in the
preimplantation embryo is associated with the recessive lethality of
homozygous Ay mice (Michaud et al., 1993).

In an attempt to understand further the molecular basis of the

dominant pleiotropic effects, the recessive lethality, and the unusual
recombination events associated with the lethal yellow mutation, we have

undertaken a more thorough characterization of the Ay allele. Here we

demonstrate that the 5' end of the Raly gene normally lies 280 kb proximal

to the 3' end of the agouti gene, and that there is a 170-kb deletion

associated with the Ay mutation that removes the entire Raly gene except

for the promoter and non-coding first exon. Additionally, we present a model
that explains how Ay is able to recombine with other agouti locus alleles,
and also how A3' produces novel 1.1-kb transcripts.

MATERIALS AND METHODS

Pulsed-Field Gel Analysis

Pulsed-field gel electrophoresis (PFGE) analyses were conducted
essentially as described (Klebig et al., 1992). The digested DNAs were
electrophoresed in the CHEF-DR™ II Pulsed Field Electrophoresis System

(BioRad) at 200 V, 12°C, 10-40 second ramp for 25 hr.

Southern Blot Analysis

Genomic DNA (10 |ig) was digested with restriction enzymes,

electrophoresed through agarose gels, and blotted to GeneScreen (DuPont)

using standard procedures (Ausubel et al., 1988; Sambrook et al., 1989).
Radiolabeled hybridization probes were prepared with the random-hexamer
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labeling technique (Feinberg and Vogelstein, 1984). Posthybridization filter

washes were conducted at high stringency (0.2X SSC, 0.1% SDS, 68° C),

except in the case of the 83-bp Raly second exon and Ill-bp agouti probes

which were washed at reduced stringency (0.2X SSC, 0.1% SDS, 50^ C).

Probes

Isolation of Raly genomic clones was as described (Michaud et al.,

1993). Probe A is a 2.0-kb Xhal fragment that was isolated from a Raly

genomic clone and subcloned into pGEM4 (Promega). Probes B and C were

amplified by PGR from plasmid templates and their nucleotide sequences

have been published (Michaud et al., 1993: uppercase letters in Fig. 2.; C,

Ill-bp boxed region in Fig. 7B).

RESULTS

Long-Range Physical Map of Raly and Agouti

Previously, we demonstrated that Raly and agouti are tightly linked

in mouse chromosome 2, and that the Ay mutation deletes at least the 3' end

of the Raly gene but does not affect the genomic DNA structure of the agouti

locus (Michaud et al., 1993). We have now compared the DNA structure of

the Ay and wild-type alleles using PFGE. DNA samples were digested with

the enzymes BssHII, Eagl, and Kspl, subjected to PFGE, blotted, and

hybridized consecutively with probes corresponding to a 5' segment of the

Raly first intron (Fig. lA) and the wild-type agouti cDNA (Fig. IB). In wild-

type DNA, both the Raly and agouti probes hybridized to a 280-kb SssHII
fragment. Because the agouti gene contains a BssHII site within its first

intron and its last exon, the agouti cDNA probe also hybridized to an

internal 17-kb BssHII fragment, and to a 75-kb BssHII fragment that

contains the 3' end of the agouti gene and 3' flanking sequences. In Ay DNA,

both probes detected a smaller BssHII fragment of 110 kb. A similar result

was obtained with the enzyme Kspl, in which both the Raly and agouti

probes hybridized to a 300-kb fragment in wild-type DNA, and a smaller

130-kb fragment in Ay DNA. These data are consistent with the

interpretation that both the Raly and agouti probes lie on single BssHII and
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Kspl fragments of 280 kb and 300 kb, and that the Ay mutation is
associated with a 170-kb deletion.

The indications with EssHII and Smal that the Raly and agouti genes

lie on the same 280 kb of DNA, and that the Ay mutation is due to a 170-kb

deletion, was substantiated by Eagl digestions. We determined that there

are Eagl sites flanking Raly (in the CpG island at the 5' end of the gene, Fig.
IC) and agouti (immediately 3' of the gene. Fig. IC) that cut to completion in
genomic DNA (data not shown). In wild-type DNA, the probe from the first
intron of the Raly gene hybridized with a 110-kb Eagl fragment, and the
agouti cDNA probe hybridized with a 170-kb fragment. This result
indicates that there is at least one Eagl site between the two genes. In the

Ay allele, both the Raly and agouti probes hybridized to a 110-kb Eagl
fragment. These data strongly suggest that the Eagl site between these loci
is encompassed by an Ay deletion of approximately 170 kb in length. There
is an additional Eagl site in the 5' end of the Raly gene (not shown in Fig.
IC) that is also encompassed by the Ay deletion, but this site does not
appear to cut in wild-type genomic DNA based on the Eagl digestions shown
in Fig. lA. To verify this observation, the Raly cDNA was hybridized with
the same PFGE blot shown in Fig. lA and IB. Like the Raly first intron

probe, the cDNA probe hybridized with a single 110-kb Eagl fragment (data
not shown), again suggesting that the Eagl site in the 5' end of the Raly
cDNA may be methylated in wild-tj^je genomic DNA.

Based on the results from BssHII, Kspl, and Eagl, and the additional

enzymes Mlul, Smal, and Notl (data not shown), a long-range restriction
map of wild-type and Ay DNA surrounding the Raly and agouti loci was
constructed (Fig. IC). Taken together, these data indicate that the 5' end of
Raly lies about 280 kb proximal to agouti and that the Ay mutation is the
result of a 170-kb deletion at the Raly locus.

Localization of the Ay Deletion Breakpoints

We previously determined that, in the Ay allele, the first exon of Raly
is present, the 3' end of Raly is deleted, and none of the four exons of the
agouti gene are deleted or structurally altered (Michaud et al., 1993). To
define the location of the Ay 5' deletion breakpoint in the Raly gene more
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precisely, Southern blots of genomic DNA were hybridized with probes
specific to various portions of the 5' end of the Raly gene (Fig. 2). To
facilitate these analyses, we utilized DNA polymorphisms to differentiate

the Mus musculus wild-type agouti and Ay alleles from the M. spretus wild-

tjrpe allele in an Fi hybrid {Ay/M.S.).
Given that the non-coding first exon of Raly is present in the Ay allele

(Michaud et al., 1993), a portion of the first intron of Raly was used as a
probe (probe A in Fig. 2E). The Raly first intron probe detected a 4.5-kb M.
musculus-specific EcoRl fragment, a 7.0-kb M. spreius-specific fragment, and
both the 4.5- and 7.0-kb fragments in Ay/M.S., indicating that this portion of
the Raly first intron is present in the Ay allele (Fig. 2A). However, a probe
specific to the 83-bp second exon of Raly (probe B in Fig. 2E), which detected
a 12.0-kb M. musculus-specific Bglll fragment and a 7.8-kb M. spretus-
specific fragment, hybridized only to the 7.8-kb M. sprefMS-specific fragment
in Ay/M.S., indicating that the second exon of Raly is deleted in the Ay allele
(Fig. 2B). In addition to the Raly second-exon probe, probes from the first
and last coding exons of Raly demonstrated that these regions of the Raly
gene are also deleted in the Ay allele (data not shown, and Michaud et al.,
1993, respectively). The observation that the Raly cDNA probe detected
only a 110-kb Eagl fragment on the PFGE blot (see above), indicates that
the Raly gene does not extend in the 3' direction past the last Eagl site that
is encompassed by the Ay deletion. Collectively, these data provide
compelling evidence that the entire Raly gene, except for the promoter and
non-coding first exon, is deleted in Ay mice.

In order to localize further the 5' deletion breakpoint between the first

and second Raly exons, the Raly first intron probe (probe A) was
additionally hybridized to DNAs digested with BamHl and Sad. A size-
altered fragment unique to the Ay allele was detected with each of these
enzymes (Fig. 2C). To test whether these size-altered A>'-specific fragments
correspond to the deletion breakpoint region, this same blot was also
hybridized with a probe mapping 3' to the deletion breakpoint. This probe
corresponds to a Ill-bp region (Probe C in Fig. 2E) that is differentially
incorporated into A^-specific transcripts (Michaud et al., 1993). This Ill-bp
probe is present in Ay DNA and normally hybridizes to a 170-kb Eagl
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fragment in wild-type DNA(data not shown), as does the agouti cDNA probe,
which unequivocally places it 3' to the deleted region in the Ay allele (see
above and Fig. IC). As shown in Fig. 2D, the same size-altered A>'-specific
BamHI and <SacI fragments that were detected with the Raly first intron

probe (Probe A) also hybridized with the Ill-bp probe (Probe C). As
expected, probes A and C each detected different wild-type BarriRl and Sad
fragments because these probes lie on opposite sides of the deleted region in
the Ay allele. Taken together, these data demonstrate that the 5' Ay deletion
breakpoint occurs approximately 12 kb downstream from the Raly first exon
(Fig. 2E), and that the 3' deletion breakpoint occurs 170-kb downstream
from this region, at a position approximately 105 kb upstream from the first
exon of the agouti gene (Fig. IC).

DISCUSSION

As part of our effort to clone and characterize the agouti gene, we
previously determined that the lethal yellow mutation expresses three size-
altered 1.1-kb mRNAs that each contain the first exon of another gene {Raly)

that is closely linked to agouti in mouse chromosome 2. We also previously
determined that at least a portion of the Raly gene has been removed from

the Ay allele, which indicated that the Ay mutation is associated with a
deletion (Michaud et al., 1993). Here we have utilized PFGE to demonstrate
that the 5' end of the Raly gene lies 280 kb proximal to the 3' end of the
agouti gene (see below), and that the deletion associated with the Ay
mutation is 170 kb in length. The deletion encompasses a region that starts

at a site about 12 kb downstream from the non-coding first exon of Raly,

extends through the remainder of the Raly gene, and terminates at a position
estimated to lie 105 kb 5' of the first exon of agouti.

The Ill-bp probe that was used for characterizing the 3' Ay deletion
breakpoint was originally identified by the fact that is differentially
incorporated into three alternately processed A3'-specific transcripts
(Michaud et al., 1993). All three Ay transcripts contain the non-coding first
exon of Raly at their 5' termini. Two of the three Ay transcripts contain
differentially spliced regions. 111 bp and 46 bp in length (labeled A and B,
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respectively, in Figs. 3 and 4) derived from DNA located between the Raly
first exon and the agouti coding exons. We originally proposed that these

111- and 46-bp regions might be sequences that arose from cryptic splicing

events in a unique Ay pre-mRNA. More recently, however, we have

determined that these Ay sequences are also found in transcripts derived

from other alleles, including A^ anda^ Therefore, the Ill-bp and 46-bp

sequences actually represent alternatively processed exons of the agouti gene

(Bultman et al., 1993). The fact that the Ill-bp agouti exon detects the 3' Ay

deletion breakpoint indicates that the 3' breakpoint occurs very close to, or

possibly within, the 5' end of the agouti gene, and that this Ill-bp agouti

exon maps to a site located approximately 105 kb upstream of what was

previously identified as the first exon of the wild-type agouti gene. Based on

the observation that the Ill-bp exon does not contain BamHI or Sad enzyme

recognition sites, but detects two wild-type fragments with each enzyme (Fig.

2D), the Ill-bp exon may actually represent two agouti exons. The nature

and functional significance of the agouti transcripts that incorporate the 111-

and 46-bp regions will be reported elsewhere (Bultman et al., 1993).

Our interpretation of these results is based on the assumption that

the 170-kb deletion in Ay is contiguous. We have not, however, mapped the

Ill-bp probe with respect to the remainder of the agouti gene. For this

reason, it is possible that the 170 kb of deleted DNA is actually comprised of

more that one deletion, with a single deletion of less than 170 kb occurring

between the Raly first intron and the downstream Ill-bp region, and an

additional deletion occurring between the Ill-bp region and the remainder of

the agouti gene. Whether or not the 170-kb Ay deletion is contiguous, these
data allow us to propose a model which can explain the recombination
between Ay and other agouti alleles, and how the novel 1.1-kb transcripts

arise from the Ay allele.

The Ay allele can recombine with (Russell et al., 1963) and

probably also recombines with a and (Siracusa et al., 1987). Utilizing the

confirmed and probable recombination events, the recombination frequency

between Ay and these other agouti locus alleles is estimated to be 0.1%

(Table 1), with Ay being proximal to a^. The fact that Ay can recombine with

these other agouti alleles led us to propose that the agouti gene is either
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very large or that Ay is associated with a separate gene that is pseudoallelic
with agouti. We ruled out the latter possibility as a result of our recent
cloning and characterization of the agouti gene. To explain the 0.1%
recombination frequency between Ay and the other agouti alleles, we
hypothesized that a recombination hot-spot exists within the first intron of
agouti (Bultman et al, 1992). However, based on the unique structure of the
Ay allele, the recombination between Ay and other agouti alleles can be
reconciled with a model that incorporates a conventional recombination
mechanism without the need to invoke a recombination hot-spot. This

model is presented in Figure 3 and is based on the following observations:
the 5' end of the Raly gene lies about 280 kb proximal to the 3' end of the
agouti gene; the Ay deletion starts within the first Raly intron and continues
for 170 kb through the remainder of the Raly gene; two of the mutations
that Ay likely recombines with, a and are each associated with the
insertion of novel DNA sequences at the same position, located in the intron
upstream of the first coding exon (Bultman et al., 1992); and the deletion in
Ay, whether it is contiguous or not, would leave approximately 105 kb of
DNA that normally occurs between the 3' end of the remaining portion of
Raly and the mutated region associated with the a and a^ mutations.
Recombination anjnvhere within this 105-kb region would give rise to a wild-
type agouti allele. The 0.1% recombination frequency observed between Ay
and other agouti locus alleles is compatible with the 105-kb physical
distance between the deletion in Ay and the mutated region associated with

the a and a^ mutations, using the estimate that 1% recombination frequency

correponds to 1000 kb.

The data regarding the structure of the Ay allele described in this
report also suggests a model to account for the production of the different-
sized Ra/y/agouti chimeric transcripts that are expressed from the Ay allele
(Fig. 4). We propose that transcription initiates normally at the Raly
promoter and proceeds through the first Raly exon; however, because the
remainder of the gene, which likely includes any transcription termination
signal, is deleted, transcription proceeds into the remaining 105 kb of
intergenic DNA and through the downstream exons of the agouti gene. The
resulting novel primary transcript could be spliced in a manner whereby the
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splice donor associated with the first exon of Raly connects to the available
splice acceptors in the downstream region. Because all of the normal

potential splice acceptors of Raly are deleted, splicing would occur to the

available splice acceptors of the downstream exons of the agouti gene.

Alternative splicing could also occur by differentially incorporating exons

from the Ill-bp and 46-bp regions that are positioned just 3' to the Ay

deletion breakpoint. Overall, this model predicts that the Raly gene would

not be functional in the Ay allele, and that transcripts with the coding

potential of the wild-type agouti gene would be overexpressed in a ubiquitous

manner under the influence of the Raly promoter. In accordance with this

model, we propose that deletion of the Raly gene is responsible for the

recessive embryonic lethality of Ay, and that the ubiquitous overexpression of

the agouti gene, driven by the Raly promoter, is directly associated with the
dominant pleiotropic effects of Ay.
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Table 1. Agouti exceptions from crosses involving lethal yellow (Ay)

mice at the Oak Ridge National Laboratory*.

Cross Agouti Recombination

Females Males N exceptions Mt frequency(cM)t

Ay/a^ X a^/a 2160 1 2 0.09 (0.005-0.5)

Ay/a X a/a 3631§ 2 2 0.11 (0.02-0.4)

Ay/a^ X Ay/a^ 4276 5l 1 0.12 (0.05-0.3)

*Modified from reference Siracusa et al., 1987.
tMultiplier (M). In all crosses, a presumably equivalent number of
recombinants would be yeUow, and thus nondetectable. In the third cross,
however, recombinants can be generated by both parents.
^Assuming exceptions were the result of recombination rather than
mutation. Proof for recombination exists for the third cross where flanking
markers were present. Parentheses indicate 95% confidence hmits.
§ Almost all offspring had a female A3'/a parent. In crosses predominantly
a/a females xAy/a males, made at other laboratories, no agouti exceptions
were reported among 6632 offspring (Siracusa et al., 1987).
iFour agouti exceptions were observed among 3784 offspring (the remainder
were yellow, a^/a^ being lethal); one Ay/A was identified among 492 tested
yellow breeders.
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Figure 1. Pulsed-field gel analysis of the chromosome 2 region
containing the Raly and agouti loci in wild-type and lethal

yellow DNAs.

(A) A PFGE blot of single and double digests of wild-type {A/A,
FVB/N strain, denoted by A) and lethal yellow {Ay/A, denoted by Y) genomic

DNAs was hybridized with a 32p.labeled fragment of wild-type DNA (probe
A in Fig. IC and Fig. 2E) corresponding to a 5' segment of the Raly first
intron. SssHII (B), Eagl (E), Kspl (K). DNA molecular size standards are

shown at left in kb and LM indicates limiting mobility DNA. (B) The same

filter was stripped and rehybridized with a 32p.iabeled wild-type agouti
cDNA probe (see Fig. 2 in Bultman et ah, 1992). (C) Long-range restriction
map of the i?aZy-agouti region in wild-type and lethal yellow alleles. Shown
below the restriction map are expanded views of the 5' end of the Raly gene

(the solid box denotes the promoter and non-coding first exon) and the 3' end
of the agouti gene (numbered solid boxes indicate exons). Separate scale
bars are shown for the long-range restriction map and for each of the
expanded regions. The expanded agouti region is shown to scale, except for

the four exons, which are enlarged for clarity. The 2.4-kb EcoRl (R) interval
shown at the 5' end of Raly is a CpG island containing one or more of each of
the following enzyme recognition sites: Eagl (E), Smal (S), Kspl (K), jBssHII
(B), and Mlul (M). All of these enzyme sites are indicated on the long-range
map, but only the BssHII and Mlul sites are shown in the expanded region
due to space considerations. The probes used to detect the Ay deletion
breakpoints (Probes A and C) are also shown. The Ill-bp probe C is shown

larger than scale. The Eagl and Smal sites denoted by asterisks (E* and S*)
are tentatively positioned on the map based on their occurrence in the 5' end
of the Raly cDNA. N, Notl.
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Figure 2. Detection of the Ay deletion breakpoints by Southern blot
analyses.

(A) Mus musculus (A/A, FVB/N strain), M spretus (A/A), and Ay/M.s.
[an Fi hybrid from the cross M. musculus {Ay /a) x M. spretus (A/A)] genomic
DNAs were digested with EcoRl, blotted, and hybridized with a 32p.labeled
fragment of DNA (Probe A in Fig. 2E) corresponding to a 5' segment of the
Raly first intron. (B) The same genomic DNAs were digested with Bglll,
blotted, and hybridized with an 83-bp 32p.labeled fragment of DNA
corresponding to the non-coding second exon of Raly (Probe B in Fig. 2E). (C)
The same genomic DNAs were digested with BamRl or Sad, blotted, and
hybridized with probe A. Probe A detects A3'-specific breakpoint fragments
of 14.0-kb with BamYll and 13.5-kb with Sad (highlighted by the boxed

region). (D) The same filter used in part C was stripped and rehybridized
with the Ill-bp probe (Probe C in Fig. 2E). Probe C detects the same 14.0-

kb BamRl and 13.5-kb Sad A^-specific breakpoint fragments as did probe
A, but each of these probes detects unique wild-tjrpe M. musculus and M.
spretus fragments. (E) Genomic restriction map of the regions surrounding
the 170-kb of DNA that is deleted in the Ay allele. The 5' deletion

breakpoint in the Ay allele occurs in the first intron of Raly, within the 3 kb
EcoRl-BamHl interval indicated. The Raly second exon (and the remainder

of the Raly gene) lies within the 170-kb region that is deleted in the Ay
allele. The Ill-bp segment maps to the 3' end of the 170-kb region and
identifies the Ay 3' deletion breakpoint. The restriction map is shown to

scale except for Raly exons one and two, which are enlarged for clarity. B,
BamHl; E, jEcoRI; X, Xbal.
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Figure 3. A simple model for recombination between Ay and other
agouti-locus alleles.

The 5' end of the wild-type Raly gene is located about 280 kb proximal

to the 3' end of the wild-type agouti gene and is transcribed in the same

orientation (top panel). The wild-type Raly gene is shown as a cross-hatched

box (indicating the promoter and untranslated first exon) and a solid box
(depicting the remainder of the gene). The four exons of the wild-type agouti
gene (as the gene was originally described) are shown as numbered boxes,
and the recently identified upstream agouti exons are indicated by the boxes
labeled A (corresponding to the Ill-bp probe used to identify the 3' Ay
deletion breakpoint) and B (46 bp). The Ay mutation is the result of a 170-
kb deletion at the Raly locus, with deletion breakpoints occurring in the first
intron of Raly and immediately upstream of agouti exon A. Approximately
105 kb of DNA remains between the 3' deletion breakpoint and the last 5'

non-coding exon of the agouti gene (labeled exon 1). The agouti-locus alleles

a and a^ each arose by the insertion of novel DNA sequences (shown by the
vertical lines; Bultman et al., 1992) in the intron that immediately precedes

the coding region of the gene. Crossing over within this 105-kb region of
DNA between Ay and either a or would result in the generation of a wild-

type agouti allele (wild type recombination product) and the regeneration of
an Ay allele (not shown) at an expected frequency of about 0.05%. This model
also predicts the recombination observed between Ay and a^, as a^ occurs in
a separate complementation group from Ay, suggesting that the DNA lesion
in a^ may occur 3' to the agouti gene.
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Figure 4. A model for the production of chimeric Ralyla.^out\

transcripts from the Av allele.

Due to the 170-kb deletion in the Ay allele, transcriptional initiation

at the Raly promoter is proposed to result in the transcription of the 5'

untranslated Raly sequence, the intergenic sequence, and the downstream

agouti gene. The processing of this novel primary transcript could result in
the remaining intergenic DNA being spliced out as if it were an intron,

because the next available splice acceptor sites for the only remaining Raly

splice donor would be provided by the downstream agouti gene. The result
would be Ay transcripts consisting of the non-coding first exon of Raly and

the three coding exons of the agouti gene (exons two, three, and four), with

alternative splicing of agouti exons A and B, as previously described
(Michaud et al., 1993).
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PART VIII

MOLECULAR STRUCTURE AND CHROMOSOMAL MAPPING OF

THE HUMAN HOMOLOG OF THE AGOUTI GENE
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ABSTRACT

The agouti (a) locus in mouse chromosome 2 normally regulates coat-

color pigmentation. The agouti gene was recently cloned and shown to

encode a novel 131 amino acid protein with a consensus signal peptide.

Here we describe the cloning of the human homolog of the mouse agouti gene

utilizing an interspecies hybridization approach. Sequence analysis

revealed that the coding region of the human agouti gene is highly

homologous to the mouse gene and has the potential to encode a protein of

132 amino acids that has all of the features of the mouse protein.

Chromosomal assignment utilizing somatic cell hybrid mapping panels and

fluorescence in situ hybridization (FISH) demonstrated that the human

agouti gene maps to 20qll.2. This was expected, since the position on

human chromosome 20 exhibits syntenic conservation with the agouti region

of mouse chromosome 2. The mapping experiments revealed that human

agouti is closely linked to a locus called MODYl (Maturity Onset Diabetes

of the Young). Initial expression studies with RNA from several adult

human tissues showed that the agouti gene is expressed in adipose tissue

and testis.

INTRODUCTION

The agouti (a) locus in mouse chromosome 2 normally regulates the

differential production of eumelanin (black or brown) and phaeomelanin

(yellow) pigment granules by the melanocytes within the hair follicle.
Unlike the homogeneous black or yellow coat coloration associated with

certain mouse mutants, agouti pigmentation arises from individual hair

shafts containing a sub apical yellow band on an otherwise black or brown

background (Silvers, 1979) and is conserved in many mammalian species

(Searle, 1968). We and others recently cloned the agouti gene and found

that it is normally expressed in neonatal skin and encodes a small protein

containing a consensus signal peptide (Bultman et al., 1992; Miller et al.,

1993), indicating that the agouti protein is probably secreted.
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Several dominant agouti alleles (e.g., Ay> A^y, A^y, A^y) cause a
predominantly yellow pelage (Silvers, 1979) as well as a number of
additional effects which include a non-insulin-dependent diabetic-like

condition, pronounced obesity, and a marked increase in the incidence of
spontaneous and induced tumors (Dickerson and Gowen, 1947; Heston and
Vlahakis, 1961; Silvers, 1979; Coleman, 1982; Wolff et al., 1986).
Assessment of the physiology of these mutants revealed that their
diabetic/obese condition has a notable similarity to non-insulin-dependent

diabetes in humans (Hellerstrom and Hellman, 1963; Coleman, 1982). We
recently demonstrated that several of these mutant alleles exhibit
deregulated agouti gene expression caused by structural alterations within
the noncoding regions of the gene (Bultman et al., 1992; Michaud et al.,
1993). Based on this finding, we hypothesized that ectopic overexpression
of the agouti protein in certain tissues of the animal is responsible for the
dominant pleiotropic effects associated with these mutants.

The similarities between the phenotype in dominant agouti mutants

and non-insulin-dependent diabetes in humans raised the question of
whether a corresponding human gene could be involved in certain forms of
diabetes/obesity in humans. Additionally, the association between the
ectopic expression of agouti and the development of tumors in mice led to
the question of whether human tumor incidence may be associated with
agouti expression. To address these issues, we cloned and mapped the
human agouti gene. The coding region of the human agouti gene is highly
homologous to the mouse gene and maps to a region of chromosome 20 that
exhibits synteny conservation with the corresponding region of mouse
chromosome 2 (Siracusa and Abbott, 1991; Loffler et al., 1993). This
portion of human chromosome 20 is closely linked to several loci, including
a deletion complex involved in myeloid leukemia (Roulston et al., 1993) and
a region associated with a locus (MODY) that has been implicated in the
development of non-insulin-dependent diabetes mellitus (NIDDM)
(Rothschild et al., 1993).
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MATERIALS AND METHODS

Southern Blotting

Ten micrograms of genomic DNA was digested with restriction

enzymes, electrophoresed through agarose gels, and blotted to Gene-Screen
(DuPont) using standard procedures (Ausubel, 1988; Samhrook et al., 1989).
Radiolabeled hybridization probes were prepared with the random

hexamer-labeling technique (Feinberg and Vogelstein, 1984). Repetitive

sequences were reassociated with sheared genomic DNA before
hybridization. Posthybridization filter washes were conducted under
reduced stringency conditions (0.2 x SSC, 0.1% SDS at 46°C) for
experiments involving human DNA.

Isolation of a Human Genomic Clone

A SauSA partial-digested human genomic lambda library in EMBL3
(Stratagene) was prepared and screened utilizing a 32p.iabeled mouse
agouti full-length cDNA that had been reassociated with human sheared
genomic DNA. One positive clone was purified and several restriction
fragments were subcloned into the pGEM4 vector (Promega) for sequencing.
Specifically, a 1.2-kilobase (kb) Pstl fragment, which hybridized to the
mouse cDNA probe but not total mouse DNA, was subcloned to generate the
sequence homologous to the first coding exon. A 4.5-kb EcoBl fragment,
which hybridized to two overlapping 42 nucleotides (nt) ohgonucleotides (5'-
cactgaacaagaaatccaagaagatcagcagaaaagaagccg-3') (5'-

ttggaagacctcttccgcttctcggcttcttttctgctgatc-3') complementary to 5' end, or 3'
end of mouse exon III, respectively, with 25 bp overlapping in the middle,

was subcloned and used to generate the sequence homologous to the second

coding exon. A 6.2-kb EcoRl fragment, which hybridized to probe Xbr 1.2
containing mouse exon IV, was subcloned and used to generate the sequence

of the region homologous to the last agouti exon.

DNA Sequencing

Genomic subclones were sequenced by the Sanger dideoxynucleotide
method (Sanger et al., 1977) using T7 DNA polymerase (U.S. Biochemical)
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(Tabor and Richardson, 1987). Analysis of DNA sequence was performed
using the University of Wisconsin Genetics Computering Group sequence
analysis programs (Devereux et al., 1984).

Chromosomal Assignment

For chromosomal assignment of the human agouti gene, polymerase

chain reactions (PGR) with 24 DNA samples from the NIGMS human

rodent somatic cell hybrid mapping panel 2 (Drwinga et al., 1993), and 3

samples from the human (NAIMR91), mouse (NA05862), and Chinese
hamster (NA106588) parental cell line, respectively, were performed. The
oligonucleotide (5'-CCTCTTACCATTACCCCTGA-3'), which corresponds to
flanking intron sequence 35 bp upstream of the 5' end of the putative exon II
and the oligonucleotide (5'-CTAGGTGACTTACCCACAAT-3'), which
corresponds to the 3' end of the putative exon II were used as primers A and
B, respectively. PGR was carried out in 50 |xl volumes containing ICQ ng
template DNA, 15 pM of primer A and B, 50 mM KGl, 10 mM Tris-Gl, 15
mM MgGl2, 0.01% (w/v) gelatin, 250 mM of each dNTP and 1.4 U Taq
polymerase. Initial denaturation was at 95°G for 4 min, followed by 32
cycles, each consisting of 1 min at 940G, 1 min at 550G, and 2 min at 72®G.
Ethidium bromide stained PGR fragments were visualized after separation

on a nondenaturing PAGE.

Mapping by Fluorescence In Situ Hybridization (FISH)
Prometaphase chromosomes for FISH analysis were obtained from

cultured lymphocytes following a slightly modified version of the method
described by Rybak et al. (1982). For regional mapping of the human agouti
gene, the 17-kb genomic probe h20Bl was labeled with biotin-16-dUTP
(Boehringer, Mannheim) by nick translation. Labeling, hybridization and
signal detection was carried out as described (Lichter et al., 1988; Rao et
al., 1992). The signal was amplified twice using biotinylated goat-anti-
avidin immunoglobulins (Vector). Slides were counterstained with
ethidium bromide or DAPI for band identification and were mounted in

anti-fade solution containing 90% glycerol, 10% PBS, and 1 mg/ml
phenylene diamine. A Zeiss axiophot fluorescence microscope (63X, filter



234

LP420 and LP520) was used for analysis, and representative metaphases

were photographed on Scotch T640 film. The map position of the agouti

locus was determined by the assignment of FISH signals to G-bands and

also by length measurements and its expression in terms of fractional

length from pter values(FL-pter) according to Lichter et al. (1990).

RNA Isolation and RT-PCR

Poly (A)"'" RNA from human adipose tissue was isolated using the
FastTrack mRNA isolation kit with guanidinium-based lysis buffer

(Invitrogen). Poly (A)"*" RNA for the remaining tissues was purchased from
Clonetech. Two hundred ng of Poly (A)"*" RNA was reverse transcribed to

first strand cDNA using random-hexamer primers and avian

myeloblastosis virus reverse transcriptase (Invitrogen). One twentieth of

the reaction mixture was then subjected to specific PGR amplification as

follows. PGR was carried out for 35 cycles (950G, 1 min; 650G, 1 min; 720G,

2min) in 20% glycerol with Taq I polymerase and 20 pM 5' primer (5'-
ATGGATGTGAGGGGGTTAGTGGTGGGG-3') and 3' primer(5'-

GGGGTGAGGAGTTGAGGGTGAGGAGGG-3'), respectively. Amplified

PGR products were subjected to electrophoresis on 1% agarose gel.

RESULTS

Isolation and Characterization of a Human Clone Homologous to the

Mouse Agouti Gene

To determine whether the agouti gene has been conserved in the
human genome, the mouse cDNA clone was hybridized to Southern blots
containing human genomic DNA. Reduced stringency hybridization

conditions detected cross-hybridizing DNA fragments with a variety of

restriction enzymes (data not shown). Based on this result, the same mouse

agouti cDNA probe was used to screen a human genomic library. This led to
the isolation of a human genomic clone called h20Bl. Restriction mapping

of this clone revealed that it contains an insert of about 17 kb.

Characterization of h20Bl revealed the presence of three distinct

segments that each cross-hybridize with one of the three coding exons of the
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mouse agouti gene (Fig. 1). These cross-hybridizing regions were suhcloned
and subjected to nucleotide sequence analysis utilizing primers derived
from the sequence of the individual mouse exons. This analysis revealed
that each cross-hybridizing region of h20Bl contains sequence that is highly
homologous with one of the three coding exons of the mouse agouti gene.
Additionally, each conserved region is flanked by consensus splice donor and
acceptor sites, except for the last region which, as expected, was flanked only
by a splice acceptor at its 5' end. A polypyrimidine tract and putative
branch point signal 10-50 bp upstream of each conserved 3' splice acceptor
site was also identified (data not shown).

Most notably, the open reading frame (ORF) defined by the mouse

agouti gene is retained within the individual blocks of conserved sequences
in h20Bl (Fig. 1). In fact, juxtaposition of these conserved regions through
the putative sphce donor and acceptor sequences gives rise to an ORF of 396
bp. This ORF has the potential to encode a protein of 132 amino acids,
which is very similar to the predicted 131 amino acid protein for the mouse.
The ORF begins with a translation initiation codon (ATG), and ends with a
stop codon (TGA) at a position nearly identical to that of the mouse (Fig. 1).
In the region corresponding to exon IV, a single polyadenylation signal
(AATATA) is located at a position similar to where the AATAAT found in
the mouse.

Comparison of the mouse and human regions indicates that the ORF
sequences are 85% identical at the nucleotide sequence level (Fig. 1). In
contrast, the regions corresponding to the 5' and 3' untranslated portions of
have diverged considerably (Fig. 1). The human sequence has a 3-bp
deletion within the region corresponding to exon III, and a 6-bp insertion in
the coding region of sequences corresponding to exon IV. Both of the
sequence differences are in increments of 3 bp, which preserves the
evolutionarily conserved ORF. Overall, comparison of the deduced amino
acid sequences shows that the predicted human protein is 80% identical to
that in the mouse (85% similarity-conserved changes) (Fig. 2). Like the
mouse protein, the amino terminus of the putative human protein contains
all of the features of a signal peptide, including a consensus cleavage site.
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The highly basic domain and the cysteine-rich domain near the carboxy-
terminus are also conserved.

Mapping and Regional Assignment of the Human Agouti Gene
Several genes linked to agouti in mouse chromosome 2 map to the

long arm of human chromosome 20 (Siracusa et al., 1991; Loffler et al.,
1993). In an attempt to determine whether h20Bl also maps to human
chromosome 20, PGR was performed on 24 DNA samples from the NIGMS
human-rodent somatic cell hybrid panel 2 (Drwinga et al., 1993). Primers

for this experiment were from within, and flanked the putative exon II, and
as expected, gave rise to a 238-bp amplified fragment utilizing, as a
template, human genomic DNA or DNA from the parental human cell line
NAIMR91 (data not shown). Analysis of the somatic cell hybrid panel 2
revealed that the agouti-specific 238-bp fragment was detected only in cell
line NA10478 (data not shown), which is known to carry only human
chromosome 20 in 76% of its cells and only chromosome 4 in another 12% of

its cells (Drwinga et al., 1993). No specific products were amplified from the
parental mouse line (NA05862), from the Chinese hamster cell line
(NA10658), or from any of the other cell hybrids, particularly hybrid NA
10115, which carries only human chromosome 4. These data unequivocally
map h20Bl to human chromosome 20.

For regional locahzation of human agouti, FISH was performed using
h20Bl as a probe. Hybridization was seen in the majority of metaphases in
the proximal long arm of chromosome 20 (Fig. 3). Specific FISH signals were
not observed on any other chromosome. According to the banding pattern of
DAPI-stained metaphase chromosomes, the FISH signals for the agouti

gene could be assigned to band 20qll.2. A few individual signals were
detected on chromatids at other chromosomal sites in some metaphases,

although their pattern was inconsistent; therefore, we attributed these
signals to nonspecific background hybridization.

The position of h20Bl on the physical FISH map of chromosome 20

(Fig. 3) was determined by length measurements from 13 selected
chromosomes 20, and the results from this analysis was expressed in terms

of fractional-length-pter (FLpter). The mean FLpter-value was determined
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to be 0.55 ±0.05, which corroborates our localization to band 20qll.2 (Fig.

3A). This assignment was also recently confirmed by FISH mapping of a

450-kb YAC carrjdng the sequences hybridizing to h20Bl. For this purpose,

length measurements of 11 selected chromosomes 20 hybridized with this

YAC revealed an FLpter-value of 0.55±0.04, which is identical to that

obtained with the h20Bl clone (data not shown).

Expression of the Agouti Gene in Human Adipose Tissue

In an initial attempt to evaluate expression of the human homolog of

the agouti gene, we utilized RT-PCR (Reverse Transcriptase-Polymerase

Chain Reaction) to assay for the presence of agouti transcripts in a variety

of adult human tissues, including three tissues that have been implicated in

NIDDM (muscle, liver and fat). As shown in Fig. 4, the expected 403-bp

agouti-specific fragment was detected only in adipose tissue and the testis.

To confirm that this 403-bp fragment actually arose from the corresponding

human mRNA, the PCR fragment was purified, subjected to nucleotide

sequence analysis and found to be identical to the mouse-human

homologous regions in the h20Bl clone (data not shown). This indicated

that the homologous sequences on h20Bl clone actually correspond to exons

of a functional gene that is expressed in selected human tissues.

DISCUSSION

Utilizing a cross-species hybridization approach, we have isolated a

human genomic clone that contains the three coding exons of the agouti gene.
The human gene produces a mRNA that is predicted to encode a protein that

is highly homologous and nearly identical in size to that of the mouse gene.

Based on these findings, coupled with the mapping data, we propose that the

sequences in h20Bl correspond to the coding exons of a human homolog of the
agouti gene.

FISH mapping experiments described in this report indicate that

human agouti is closely linked to the MODYl locus (Fig. 3). MODYl is a
form of NIDDM that has an early age of onset and an autosomal dominant

mode of inheritance (Fajans et al., 1992). Based on the fact that the
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dominant yellow agouti mutations in the mouse exhibit a non-insulin

dependent diabetic-like condition similar to that observed in MODYl

patients, we evaluated whether agouti was a candidate gene for MODYl

based on the close linkage between the two. Analysis of our comprehensive

FISH data revealed that agouti maps to band 20qll.2, which is the region

where the loci HCKl and RPN2 have been mapped (Fig. 3). All three of

these loci, HCKl-agouti-RPN2, are located slightly more proximal to the 13

cM sex-averaged interval encompassing ADA, D20S17, PPGB, D20S16 and

D20S75, which is the region where MODYl has been mapped (Rothschild et

al., 1993). Therefore, taking into account only the genetic linkage data of

MODYl and our physical assignment of agouti to a slightly more proximal

20q segment (Fig. 3B), we would conclude that it appears that agouti is

unrelated to MODYl. However, since the MODYl locus mapping to

chromosome 20 is based solely on a single family called RW (Rothschild et

al., 1993), it is possible that a unique chromosomal structural alteration,

such as an inversion, occurred in this family, and that this feature of the

mutation affects genetic recombination in a manner that would interfere

with its accurate mapping on a physical map of the region. This being the

case, it is still possible that human agouti is associated with MODYl in the

RW family. Further experiments utilizing microsatellite repeats, genetic
mapping of the two, and mutation analyses will help to resolve this issue.

With respect to whether the human agouti gene is involved in tumor

formation in humans, Roulston et al. (1993) recently reported that a region

of human chromosome 20q is commonly deleted in patients with myeloid
leukemia. By cytogenetic and FISH analysis, a commonly deleted
interstitial segment (SRO) mapping to 20qll.2-ql2 was identified which
contains the ADA and SRC loci and is flanked proximally by the ribophorin

2 gene locus (RPN2) and distally by D20S17 (Roulston et al., 1993). Our
FISH results place the agouti gene close to the proximal boundary of this
commonly deleted segment (Roulston et al., 1993). Whether agouti maps

within the deleted region is presently unclear, although, in the event that
agouti occurs adjacent to the deleted region, then a similar situation would
exist to that observed in the dominant mouse mutation, lethal yellow

(Bultman et al., 1992; Michaud et al., 1993). Lethal yellow animals have an
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increased susceptibility to the development of both spontaneous and

induced tumors. We recently determined that a deletion in the region

upstream of the agouti coding exons causes an activation of the gene and is

responsible for the pleiotropic effects (Michaud et al., 1993). Therefore, it

could be that the human agouti gene is activated by deletion of sequences

adjacent to the coding region of the gene, and that this may be related to the
development of human myeloid leukemia.

Although the agouti pattern of pigmentation is evolutionarily

conserved throughout many mammalian species, there has never been a

published report describing human hair with banded, agouti-like
pigmentation. Therefore, the question arises as to what role the agouti gene

may have on pigmentation in humans. The very strong sequence

conservation within the coding exons of the gene would argue that the agouti

gene has some functional role in humans. One possibihty is that agouti has
an identical function in humans and mice, and that this includes signaling

the melanocyte to produce phaeomelanosomes. In this case, the lack of
banded agouti hair in humans could be related to the fact that humans have

a continuous hair growth cycle, which is different from the discontinuous

molting hair growth cycles exhibited by various mammalian species that

display agouti pigmentation. Alternatively, it is possible that the human

and mouse agouti genes have evolved different regulatory mechanisms for
expression. Experiments currently under way to identify and characterize
the promoter and untranslated regions of the human gene will address this
matter.

Finally, based on our limited expression analysis of the human agouti
gene, the production of agouti transcripts in adipose tissue from presumably
normal individuals is provocative. In the mouse, it appears that agouti and

other pigmentation genes exert their effects by regulating the level of cAMP
within the melanocyte (Takeuchi et al., 1989). If agouti regulates the cAMP

level in the adipocyte in a similar manner, then the net effect of adipose-
specific expression of agouti would be decreased cAMP levels within the
adipocyte. In this case, lower levels of cAMP would lead to decreased
lipolysis due to inactivation of the hormone sensitive lipase, which would
contribute to adipocyte hypertrophy and obesity (Stralfors et al., 1984). The



240

resulting obesity may lead to insulin resistance (Bonadonna et al., 1992),

and possibly non-insulin dependent diabetes (Reaven, 1988). Therefore, in

humans, it may be that agouti has some functional role in the regulation of

lipid metabolism within the adipocyte. Further experiments are currently

underway to study the expression of the agouti gene in adipose tissue and to

define its role, if any, in the development of obesity and non-insulin-

dependent diabetes in humans.
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Figure 1. Genomic structure and nucleotide sequence of the human
agouti gene.

(A) Genomic structure of the human agouti gene in clone h20Bl. The

three coding exons are represented by black boxes and Roman numerals.
The restriction enzyme sites utilized to subclone the individual exons are
indicated. P, Pstl; Bg, Bglll; R, i^coRI; B, BamBl. (B) Nucleotide sequence

comparison of the mouse and human exons of the agouti gene. The mouse
sequence is shown above, and the human sequence is shown below. Identical
nucleotides are noted as dots and differences are indicated. Lack of

nucleotides are indicated as dashes. The exon sequence is separated from

the 5' splice donors and 3' splice acceptors vertical lines. The proposed
translational initiation codons and stop codons are underscored by single

lines, and the potential polyadenylation signals are underscored by double
lines.
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Figure 2. Amino acid sequence comparison between the mouse and
human agouti genes.

Shown above is the mouse sequence as previously reported (Bultman

et al., 1992). Shown below is the human sequence as predicted from the
ORF created by the juxtaposition of regions homologous to the indhddual
agouti exons shown in Fig. 1. Identities are represented by dots, and
differences are indicated. Lack of amino acids are represented by dashes.



Met Asp Val Thr Arg Leu Leu Leu Ala Thr Leu Val

Leu

Ser Phe Leu Cys Phe Phe Thr Val His Ser His Leu

Val . . . . . . Ala Asn

Ala Leu Glu Glu Thr Leu Gly Asp Asp Arg Ser Leu
Pro Pro . . Lys . Arg . . . . .

Arg Ser Asn Ser Ser Met Asn Ser Leu Asp Phe Ser

Val . Leu . . Val Pro

Ser Val Ser lie Val Ala Leu Asn Lys Lys Ser Lys

Lys lie Ser Arg Lys Glu Ala Glu Lys Arg Lys Arg
Gin . Gly . . Ala

Ser Ser Lys Lys Lys Ala Ser Met Lys Lys Val Ala

.  Glu Val

Arg Pro Pro Pro Pro Ser - - Pro Cys Val Ala
Arg Thr . Leu Ser Ala . . . .

Thr Arg Asp Ser Cys Lys Pro Pro Ala Pro Ala Cys
Asn . . . . . . . . .

Cys Asp Pro Cys Ala Ser Cys Gin Cys Arg Phe Phe

Gly Ser Ala Cys Thr Cys Arg Val Leu Asn Pro Asn
Arg . . . Ser . . . . Ser Leu

Cys mouse

human
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Figure 3. Physical mapping of the human agouti gene to chromsome
20qll.2.

(A) Assignment of the agouti gene locus to human chromosome 20qll.2.
Two partial metaphases (top, bottom) showing specific double signals by
FISH at 20qll.2 (arrow) after hybridization with h20Bl (left), and the
corresponding DAPI-fluorescence pattern of the same metaphases (right).
(B) Localization of the agouti gene within the physical FISH map of human
chromosome 20 (HSA 20) demonstrating conservation of synteny within the
respective segment on the composite linkage map of mouse chromosome 2
(MMU2).
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Figure 4. Tissue distribution of the human agouti nxRNA.

RT-PCR was used to determine tissue distribution of human agouti

RNA. Top panel shows the amplified PGR products using agouti-specific
primers and cDNA template reverse transcribed from poly (A)"*" RNA of
various tissues. Lane 1, no cDNA template in PGR reaction; lanes 2-9, RNA

from brain, liver, skeletal muscle, pancreas, kidney, placenta, heart, and

testis, respectively; lanes 10-12, RNA from adipose tissue of three different
individuals. Bottom panel shows the amplified PGR products using human

GAPDH (glyceraldehyde-3-phosphate dehydrogenase)-specific primers as an

internal control.
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SUMMARY
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CONCLUSIONS

Gaining Molecular Access to a Region of DNA at the Agouti Locus

We exploited a radiation-induced mutation, called IslGso, to gain
molecular access to a region of DNA at the agouti locus. In IslGso, new

mutant alleles at both the agouti and limb deformity {Id) loci arose

simultaneously (see part II; Woychik et ah, 1990a). Both of these loci map

to mouse chromsome 2 but are separated by 20 centimorgans (cM)
(Davisson and Roderick, 1978; Green, 1989; Siracusa and Abbott, 1991).
Cytogenetic examination of IslGso revealed a complex chromosomal
rearrangement involving a large inversion of chromosome 2 with DNA
breakpoints at or near the agouti and Id loci (see part II; Woychik et al.,
1990a). To determine whether the distal inversion breakpoint lies near the
agouti locus, we utilized an Id DNA probe derived from the Id^d insertional
mutant (Woychik et al., 1985; Maas et al., 1990; Woychik et al., 1990b) to
detect and clone a size-altered restriction fragment in IslGso (see part II;

Woychik et al., 1990a). A DNA probe, corresponding to the breakpoint
sequence of the size-altered fragment, was subsequently shown to normally
map at or near the agouti locus using Mus. spretus-Mus. musculus backcross
analysis (see part II; Woychik et al., 1990a). This indicated that the distal
inversion breakpoint is located at or near the agouti locus, and that by

cloning a DNA fragment that contains the inversion breakpoint we were
able to "jump" 20 cM from Id to a region very close to and possibly within
the agouti locus.

In an attempt to provide evidence that the region of DNA at the distal
inversion breakpoint of IslGso is, in fact, associated with a gene at the

agouti locus (as opposed to only being near the agouti locus), we analyzed a
number of agent-induced mutations for DNA structural alterations. Four
homozygous-lethal a® mutations and a viable a®
mutation were shown to carry deletions in this region by Southern

blot analyses (see part III; Bultman et al., 1991). Although the homozygous-

lethal mutations are presumably large deletions that encompass genes

unrelated to the agouti locus, the a^^NU mutation was cloned and shown to
consist of a single 2.8-kb deletion (see part III; Bultman et al., 1991).
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Identification of the a^MNU mutation was significant because a relatively

subtle DNA lesion of this type is likely to be intragenic and affect only the

expression of the gene directly associated with the phenotype of interest.

Cloning the Agouti Gene

Having established that the distal inversion breakpoint of IslGso

possibly lies within a gene associated with agouti-locus function, a search
was initiated to find an exon-containing DNA probe. Interspecies

hybridizations (i.e., "zoo blots") identified a probe in the immediate vicinity

of the inversion breakpoint that is conserved in genomic DNA from several

mammalian species (see part IV; Bultman et al, 1992). Furthermore, this

probe was shown to contain an exon based on its ability to hybridize to a
0.8-kb transcript in RNA prepared from neonatal skin (see part IV;

Bultman et al., 1992). Screening neonatal skin cDNA libraries with this

probe led to the isolation of several clones that contain a complete open
reading frame and which were nearly full length (they only lack a short

segment of untranslated sequence at the 5' end).

Based on the sequence of the nearly full-length cDNA clones, the

agouti gene is predicted to encode a small protein 131 amino acids in length
and approximately 15,000 daltons in molecular weight (see part IV;

Bultman et al., 1992). Although the predicted protein does not exhibit

significant sequence homology with any previously characterized proteins, it

does contain several interesting features, including a putative signal

pep tide at the N-terminus, a highly basic domain in the center of the
putative protein (16 lysine or arginine residues in a stretch of 29 amino
acids), and a cysteine-rich C-terminus (10 of the final 40 amino acids are

cysteines) (see part IV; Bultman et al., 1992).

To elucidate the genomic structure of the gene, overlapping genomic

clones were isolated and characterized using the cDNA clone as a probe.

Comparison of the structure of genomic and cDNA clones demonstrated that

the wild-type (A) allele has four exons, the last three of which are coding (see

part IV; Bultman et al., 1992). Subsequent molecular anlaysis of the A"'
and alleles, however, revealed the presence of alternative 5' noncoding

exons apporoximately 100-kb upstream from the rest of the gene (see parts
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V and VII; Bultman et al., 1994; Michaud et al., 1994). The agouti gene is

therefore rather large and quite complex.

Expression of the Agouti Gene

Consistent with the genetics of the agouti locus (i.e., dominant gain-

of-function agouti mutants are yellow and recessive loss-of-function mutants

are black), agouti gene expression is positively correlated with the
production of phaeomelanin. It is expressed in wild-type (A/A) skin
throughout early postnatal development, but the level of expression is
greatest between days 3 and 7 when the band of phaeomelanin is being
deposited into agouti hair shafts (see part IV; Bultman et al., 1992).

Expression is even more clearly associated with the production of
phaeomelanin in agouti-locus mutants. In black-and-tan mice, for instance,

agouti mRNA is absent in skin derived from the black, dorsal surface but
overexpressed in skin derived from the yellow, ventral surface of the animal
(see parts IV and V; Bultman et al., 1992, 1994).

The agouti gene is also expressed in neonatal skin from WIW^ mice
(which lack hair-bulb melanocytes) indicating that it is expressed in the
microenvironment of the hair follicle and not in the melanocyte (see part IV;

Bultman et al., 1992). This is consonant with skin grafting expermients

performed in the 1950s which demonstrated that the agouti locus functions
from within the folhcular environment and not from within the melanocjdies

(Silvers and Russell, 1955; Silvers, 1958a, 1958b, 1961, 1979).
Immunohistochemistry experiments utilizing anti-agouti antibodies are

currently being performed to determine precisely where the agouti protein is
localized within the follicular environment. Agouti gene expression is

restricted to neonatal skin in wild-type mice except for adult testes, which

produce a series of transcripts ranging in size from 1.0 kb to 7.5 kb (see part

IV; Bultman et al., 1992). None of the testes-specific transcripts are
expressed in neonatal skin, however, and it is unlikely that they play any

role in agouti-locus function.
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Agouti is a Single Gene Locus

Southern blot and Northern blot analyses of existing agouti mutants

demonstrated that the DNA structure and pattern of expression of the

agouti gene is altered by the most dominant agouti-locus mutation (A3'),

alleles in the middle of the dominance hierarchy {A^, A, a, and a'), and the

most recessive member of the agouti alleleic series (a®) (see part IV;

Bultman et al., 1992). This provides compelling evidence that agouti is a

single gene locus and that we cloned the one gene associated with agouti-

locus function.

The fact that Ay can recombine with several other agouti-locus alleles

strongly suggested that agouti is a multiple gene locus (Russell et al., 1963;

Siracusa et al., 1987). This finding can be reconciled with the single gene

model, however, because the DNA lesion in Ay is a deletion and the

recombination likely occurs between agouti and a closely linked gene (see

part VII; Michaud et al., 1994). In fact, the recombination frequency of 0.1%

is compatible with the 105-kb physical distance between the two genes in

the Ay chromosome (see part VII; Michaud et al., 1994). Similarly, the

finding that spontaneous reverse mutations from a to or A"^ are common,

whereas all other spontaneous agouti locus mutations are quite rare, does

not contradict the single gene model. It turns out that a is highly unstable

due to the insertion of a retrovirus-like element in the agouti gene, and that

excision of part or aU of the insertion, by homologous recombination, results

in the aP or A^ phenotype (see part V; Bultman et al., 1994).

The Agouti Gene Produces Multiple Forms of mRNA
The finding that the agouti locus is comprised of a single gene

suggests that it must be regulated differently in various regions of the

pelage, particularly the dorsal and ventral surfaces, in order to produce the

phenotypes conferred by alleles like and A^. RT-PCR experiments

demonstrated that, instead of producing a single species of mRNA, the

agouti gene produces several similarly-sized transcripts that differ only at

their 5' ends (they presumably encode the same protein) (see part V;

Bultman et al., 1994). One class of transcript (Form I) appears to be

responsible for the subapical band of phaeomelanin in agouti hairs
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throughout the animal, whereas a second class of transcript (Form II)

appears to be responsible for the production of all-yellow hair on the ventral

surface of black-and-tan and white-bellied agouti mice (see part V; Bultman

et al., 1994). The different forms of transcripts are selectively inactivated

by different agouti-locus mutations and consequently give rise to distinct

coat color phenotypes over the dorsal and ventral surfaces of the animal (see

part V; Bultman et al., 1994).

Proposed Function of the Agouti Protein

The agouti gene is expressed in the microenvironment of the hair

follicle and encodes a novel secreted protein that regulates the differential

production of eumelanin and phaeomelanin (see part IV; Bultman et al.,

1992). This raises the question as to whether there is an agouti-locus

receptor on the surface of the melanocyte and what that receptor might be?

The product of the extension (e) locus in chromosome 8 of the mouse is a

particularly good candidate because e-locus mutations give rise to the same

all-black and all-yellow phenotypes as observed for agouti mutants.

Additionally, the e locus acts in a cell-autonomous manner within the

melanoc5d;e (Geschwind, 1966; Geschwind et al., 1972; Lamoreux and Mayer,

1975). However, a straightforward receptor-hgand interaction, like that for

the c-kit receptor and steel ligand (Witte, 1990), seems unlikely because the

dominance hierarchy of e-locus mutants is reversed relative to that of

agouti-locus mutants. For example, dominant agouti mutants are yellow

and recessive agouti mutants are black, whereas dominant extension

mutants are black and recessive extension mutants are yellow (Silvers,

1979; Green, 1989).

Recently, the e locus was shown to encode the a-melanocyte-

stimultating hormone receptor (a-MSH-R) (Robbins et al., 1993). The a-

MSH-R has seven transmembrane domains spanning the surface of the

melanocyte and is coupled to a G-protein which is coupled to adenylate

cyclase (Mountjoy et al., 1992). When a-MSH binds to the a-MSH-R, cAMP

levels increase inside the melanocyte and trigger a cascade of biochemical

events that culminate in eumelanin production overriding the default

phaeomelanogenesis pathway (Tamate and Takeuchi, 1981, 1984). Based
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on this finding and a number of genetic observations and skin explant

experiments, the agouti locus may regulate coat pigmentation by

competitively inhibiting the binding of a-MSH to its receptor (Tamate and

Takeuchi, 1981, 1984; Takeuchi et al., 1989). In fact, a model has been

proposed in which the agouti protein binds directly to the a-MSH-R and acts

as an antagonist (see part IV; Tamate and Takeuchi, 1981, 1984; Takeuchi

et al., 1989; Bultman et al., 1992; Jackson, 1993a, 1993b). Binding of the

agouti protein to the a-MSH-R would prevent a-MSH from binding, thereby

preventing eumelanin production and allow the default phaeomelanogenesis

pathway to be reestablished. This is only a working hypothesis, however,

and the agouti protein could alternatively function by binding to its own, as

yet uncharacterized receptor and trigger an independent signal transduction

pathway that impinges on, and overrides, the a-MSH eumelanogenesis

pathway (Conklin and Bourne, 1993). With the recent cloning of the agouti

gene and the a-MSH-R, all of the reagents necessary to test the validity of
the antagonist model are available.

Molecular Basis of the Av Phenotype

The most dominant agouti allele. Ay, is particularly interesting

because homozygotes die during embryogenesis before implantation is

complete and heterozygous adults are obese, diabetic, and prone to tumor

formation (Silvers, 1979). To understand how a coat color gene is involved in

such diverse developmental processes, we characterized Ay at the molecular

level. Pulsed-field gel electrophoresis (PFGE) analysis of the agouti-locus

region revealed that another gene, called Raly, lies approximately 280-kb
upstream from agouti (see parts VI and VII; Michaud et al., 1993, 1994).

PFGE also demonstrated that there is a 170-kb deletion in the Ay

chromosome that removes all of Raly except for the promoter and first

noncoding exon but does not alter the coding exons of the agouti gene (see

part VII; Michaud et al., 1994). Because Raly encodes a protein putatively
involved in pre-mRNA packaging and processing and is expressed in wild-

type preimplantation embryos but not Ay!Ay preimplantation embryos, we

propose that Ay!Ay embryos die because no Raly gene product is produced

(see parts VI and VII; Michaud et al., 1993, 1994). Additionally, we propose
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that the dominant pleiotropic effects in Ay are due to the ectopic

overexpression of the agouti gene because it is under the transcriptional

control of the Raly promoter (see parts IV, VI, and VII; Bultman et al., 1992;

Michaud et al., 1993, 1994). This is supported by the fact that A^yiA^y mice

(see part VI; Michaud et al., 1993) and several lines of transgenic mice (M.

Klebig and R. Woychik, unpubhshed data) also ubiquitously overexpress the
agouti gene and are perfectly viable and have the same suite of dominant
pleiotropic effects. It is our working hypothesis that in these animals, the
agouti protein binds to, and interferes with, transmembrane receptor(s) that
regulate glucose homeostasis and cell cycle control.

Is Agouti a Human Disease Gene?

Using a cross-species hybridization approach, we cloned the coding

exons of the agouti gene from human genomic DNA. Sequence comparison of
the mouse and human genes revealed a high degree of similarity (85%

identity at nucleotide level and 80% identity at the amino acid level) (see
part VIII; Kwon et al., 1994). As expected, based on synteny conservation
between mouse chromosome 2 and human chromosome 20 (Siracusa and

Abhott, 1991), the agouti gene was shown to map to human chromosome

20qll-13 using fluorescent in situ hybridization (FISH) (see part VIII; Kwon
et al., 1994). This finding is significant because maturity onset diabetes of
the young (MODY), a non-insulin-dependent form of diabetes mellitus, maps
to this same region of chromosome 20q (Bell et al., 1991; Rothschild et al.,
1992, 1993).

Importantly, several clinical features of MODY resemble the
phenotype of dominant agouti mutants. First, both the human and mouse
conditions are inherited in an autosomal dominant manner and are

manifest as young adults. Human patients are often diagnosed in their
mid-twenties, and the mice usually start displaying the condition shortly

after weaning at several months of age. Second, insulin resistance is a
fundamental problem affecting both the mouse agouti mutants and the
human MODY patients. Insulin is produced in sufficient quantity by the
pancreas in insulin-resistant animals, but peripheral tissues like muscle,
liver, and fat respond very poorly, resulting in aberrant glucose homeostasis.
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Third, the insulin-resistant condition leads to hyperinsulinemia, impaired

glucose tolerance, and sometimes hyperglycemia, although the incidence and

severity can be quite variable for each of these traits in both species.

Fourth, the non-insulin-dependent diabetes in both mouse agouti mutants

and human MODY patients is associated with marked obesity. Taken

together, the results and observations described above support the notion

that the human agouti gene, if mutated in some manner, causes MODY.

Furthermore, adipose is one of the few human tissues that has been shown

to express the agouti gene (see part VIII; Kwon et al., 1994), and it is

normally one of the most insulin-responsive tissues (DeFronzo, 1988).

Despite all of the evidence suggesting that the human agouti gene

might be responsible for MODY, contradictory data also exists. Whereas

the agouti gene maps proximal to adenosine deaminase (ADA) in both the
mouse and human genomes, MODY maps distal to ADA (Bell et al., 1991;

Rothschild et al., 1992, 1993). However, it should be noted that the human

agouti gene has been physically mapped (using FISH), while MODY has

been genetically mapped. Because discrepancies between genetic and
physical distances are not uncommon, the mapping of agouti and MODY
relative to ADA does not necessarily discount agouti as a candidate gene for

MODY. Furthermore, all of the genetics concerning MODY have focused on

one relatively small pedigree, the RW family, and it is possible that an

inversion or some other type of rearrangement has occurred that suppresses

recombination or altered the gene order in this region. Linkage analysis of

the human agouti gene relative to MODY using the RW family and other
pedigrees, and mutation analysis of MODY patients clearly needs to be
performed to resolve the differences described above and determine whether

the human agouti gene causes MODY. Finally, even if agouti is not

responsible for MODY, it will still play an important role in future diabetes

research because it is the first non-insulin-dependent diabetes gene to be

cloned that is also associated with an animal model.
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