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ABSTRACT 
The agouti locus on mouse chromosome 2 encodes a secreted cysteine-rich protein of 131 amino acids 

that acts as a molecular switch to instruct the melanocyte  to  make either yellow pigment ( phaeomelanin) 
or black pigment (eumelanin) . Mutations that upregulate agouti expression are dominant to  those 
causing decreased expression and result in yellow coat color. Other associated  effects are obesity,  diabe- 
tes, and increased susceptibility  to  tumors. To try to define important functional domains of the agouti 
protein, we  have analyzed the molecular  defects present in a series of recessive  viable agouti mutations. 
In total, six alleles (amJ,  a", a*, a') were examined at both the RNA and DNA level.  Two 
of the alleles, and a', result from mutations in the agouti coding region. Four alleles (am', a", 
and a") appear to represent regulatory mutations that down-regulate agouti expression.  Interestingly, 
one of these mutations, also appears to  cause an immunological defect in the homozygous condi- 
tion. This immunological defect is somewhat  analogous  to that observed  in motheaten ( m e )  mutant mice. 
Short and long-range restriction enzyme  analyses  of  homozygous DNA are consistent with the 
hypothesis that results  from a paracentric inversion  where one  end of the inversion  maps  in the 5' 
regulatory  region of agouti and the other  end in or near a gene that is required for normal immunological 
function. Cloning the breakpoints of this  putative  inversion should allow us to identify the gene that 
confers this interesting immunological disorder. 

M UTATIONS at the agouti locus on mouse  chromo- 
some 2 result in a wide  variety  of coat  color  alter- 

ations. The agouti protein induces the production of 
phaeomelanin (yellow pigment) by melanocytes and 
so determines the amount of  yellow present in the hair 
shaft.  Wild-type agouti mice  have  coats  composed  of 
hairs with a characteristic banding pattern of  black at 
the base of the hair shaft, a yellow band near the top, 
and black at the tip (SILVERS 1979). More than 25 
alleles or pseudoalleles of agouti have been  described 
(SILVERS 1979; CATTANACH et al. 1987; GREEN 1989). 
Alleles  causing  ectopic  expression of the agouti protein 
are dominant to  those  causing  decreased  expression 
and result  in  mice  with yellow coats and other pleiotro- 
pic  effects  such as obesity and diabetes ( HELLERSTR~M 
and HELLMAN 1963; DICKIE 1969; COLEMAN 1982; FRIG 
ERI et al. 1988; MICHAUD et al. 1994b; YEN et al. 1994) 
and an increased  susceptibility  to  certain  tumors ( HES 
TON and VLAHAIUS 1961,  1968; YEN et al. 1994). Con- 
versely,  recessive agouti mutations give  rise  to  animals 
with darker than normal  coats.  With the recent cloning 
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of the agouti gene ( BULTMAN et al. 1992; MILLER et al. 
1993), the molecular nature of the large number of 
agouti alleles  displaying a variety  of phenotypes  can now 
be  studied. 

The agouti transcript is 0.8  kb and contains four ex- 
ons:  exons  2-4  contain the coding  region and exon 1 
is untranslated. Four  separate  exon 1 regions have been 
identified:  exon 1A and exon lA', located -120  kb 
upstream of the coding  region and present only  in 
agouti mRNA from  ventral  skin; and the hair growth 
cycle-specific exons 1B and lC, which are separated by 
40 nt and located 18 kb upstream of the coding  region 
( BULTMAN et al. 1994; SIRACUSA 1994; VRIELING et al. 
1994). The product of the agouti locus is a cysteine- 
rich  131 amino acid protein that is not expressed by 
melanocytes, but by other cells  of the hair  follicle.  While 
it is  known that the agouti protein regulates  phaeomela- 
nin production, its  mechanism of action is  still under 
investigation. 

Several of the dominant agouti alleles  have been ex- 
amined  at the molecular level and are found to be due 
to  regulatory  mutations.  Ectopic  expression of agouti in 
these  mutants is due to either a large deletion that 
causes the gene to  come under the regulation of  an 
ubiquitous promoter ( BULTMAN et al. 1992; MICHAUD 
et al. 1993; MILLER et al. 1993; DUHL et al. 1994a) or to 
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the insertion of intracisternal  A-particle (LAP) elements 
or novel sequences  upstream  of  the  coding  region 
( DUHL et aZ. 1994b; MICHAUD et aZ. 1994a). Because 
analysis of the  dominant alleles did  not  shed  light  on 
which  regions  of the agouti protein are necessary for 
proper  phaeomelanin  production, we have examined 
six recessive viable agouti mutations  to find clues to the 
functional  domains  of the protein. Two other recessive 
alleles [ nonagouti ( a / a )  and black-and-tan ( a ' ) ]  have  re- 
cently been characterized and found to  result  from  pro- 
moter  and regulatory  mutations ( BULTMAN et al. 1994). 
To determine  the  alterations  responsible  for  the six 
recessive phenotypes  examined  here, we have  analyzed 
both  the  structure  and expression of agouti in  the  mu- 
tants.  Interestingly, one of these  mutants, a*8H,  has an 
immune  disorder  as well as a darker  coat. Because alRH 
is the only agouti recessive mutation  to display an im- 
mune disease phenotype,  it is unlikely that a simple 
mutation  in the agouti locus is responsible  for  both  the 
coat  color  change and the  immunological  defect. Here 
we present  our initial  characterization  of the putative 
chromosomal  rearrangement associated  with the 
allele. 

MATERIALS  AND  METHODS 

Mice: Six  viable  recessive  agouti  alleles  were  analyzed in 
this  study.  Nonagouti mottled-JAX (a"') mice  have a phenotype 
ranging from  agouti to completely  black.  This mutation arose 
spontaneously on a (C3H / HeJ X C57BL/ 6 ) F, background. 
All  of the Harwell mutations ( a u ,  ada, af', were  in- 
duced in  specific  locus mutation experiments. Thus, male 
(C3H/HeH X 101 / H )  F1 hybrid  mice  were  mutagenized 
and mated  to  tester  females  homozygous for seven  recessive 
mutations ( a ,  b, p, c d ,  se, d, s) . The progeny of this  cross 
were screened for mutations at each of these  loci.  Unless 
otherwise stated, radiation was the mutagen  used. Agouti  um- 
brous ( a " )  mice are characterized by a dark  agouti  dorsum 
and ventrum as  well as dark agouti pinna hairs (PHILLIPS 
1959; CATTANACH et al. 1987). Mice that are nonagouti  with 
dark  agouti  belly (ada)  can  be either nonagouti, with non- 
banded black hairs and yellow pinna hairs, or can have an 
extreme umbrous back, a dark agouti belly, and yellow pinna 
hairs (PHILLIPS 1976; CATTANACH et al. 1987). An ethylnitro- 
sourea (ENU) mutant, nonagouti-16H (a'"), has a dark dor- 
sum, dark  agouti  sides, and a lighter belly ( LYON et al. 1985). 
Although  homozygotes died prenatally on the original back- 
ground ( LYON et al. 1985), this  lethality (but not the coat 
color change) was lost when the a'6H mutation was  moved 
onto the C57BL/6J background (L. D. SIRACUSA, unpub- 
lished data; MILLER et al. 1994). Nonagouti-18H (a'8H) hetero- 
zygous  mice  have a dark band down the hack,  while  homozy- 
gous  mice  have  black pinna hairs and are a uniform dark 
agouti  color ( CATTANACH et al. 1987). Extreme nonagouti (a ' ) ,  
the most  severe of the recessive  viable  agouti  alleles,  is a radia- 
tion-induced mutation on an S strain background. These mice 
are completely  black, including the pinna hairs (HOLLANDER 
and GOWEN 1956). All of these mutations were made  con- 
genic on the C57BL/6J background. The mutant mouse 
strain JU/Ct-a,c-a18H/al8Hwas maintained and propagated 
at the MRC Radiobiology Unit, Chilton, Didcot, Oxon, UK. 
The mutant mouse  strains  C57BL/6J-amJ/amJ (NllF6), C57BL/ 
~J-u"/u" (NIJ,), C57BL/6J-ad"/a" ( NI&~) ,  C57BL/6J-ae/d 

(NlZFm), C ~ ~ B L / ~ J - U ' ~ ~ / U ' "  (N&]n) and C ~ ~ B L / ~ J - U ' ~ ~ /  
a18H (N&) were  maintained and propagated in the Mamma- 
lian  Genetics  Laboratory,  ABLBasic  Research Program, Freder- 
ick, MD. 

RNA extractions: Total cellular RNA  was isolated  from 4- 
5day-old  mouse skin according to a procedure adapted from 
CHIRGWIN et al. ( 1979) and SAMBROOK et al. ( 1989). Tissues 
were  quick  frozen  in  liquid nitrogen and stored at -80" until 
needed. Samples  were  homogenized  with a Polytron  tissue 
homogenizer (Brinkmann Instruments, Westbury, N Y )  at 
room temperature in a homogenization  buffer containing 4 
M guanidine thiocyanate and centrifuged through a cesium 
chloride cushion. The RNA pellet was resuspended in a 7 M 
urea buffer (7  M urea, 0.5% SDS, 1 mM EDTA,  50 mM Tris 
HCl,  pH 7.5), then precipitated with ethanol. Twice-selected 
poly (A) RNA was obtained using an mRNA purification kit 
(Pharmacia LKB,  Piscataway, NJ) . 

Northern  analyses: Poly (A) RNA samples ( 3 or 5 pg) were 
electrophoresed in  1.2%  agarose, 2.2 M formaldehyde  gels for 
2-3 hr at 100 V in a 3 (hrmorpholino) propanesulfonic acid 
(MOPS) -acetate-EDTA buffer. RNA  was then blotted onto 
Zetabind nylon membrane (Cuno Inc., Meriden, CT) by cap  
illary flow in 20x  SSC (AUSUBEL et al. 1988). Hybridization 
and washes  were performed according to the method of 
CHURCH and GILBERT ( 1984). Agouti expression was detected 
using a cDNA probe containing exons 2-4.  Uniformity of 
loading was checked by hybridization  to a chicken glycerol-3- 
aldehyde  phosphate  dehydrogenase (GAPDH) probe. Compari- 
sons of expression levels  were  based on densitometry  scans 
of films  using  an  Ultroscan XL Enhanced Laser  Densitometer 
(Pharmacia LKB) . 

Southern blot analysis: DNA  was treated with restriction 
enzymes obtained from New England Biolabs, Inc. (Boston, 
MA). Digestion of genomic DNA was as recommended by 
the manufacturer. Restriction  digests  were electrophoresed 
on 0.9%  agarose  gels and transferred to nylon membranes 
(Zetabind, Cuno Inc.) as described (JENKINS et al. 1982). 
DNA was cross-linked  to the filters by W irradiation and 
hybridized  to random hexanucleotide-labeled probes ( FEIN- 
BERG and VOGELSTEIN 1984) described in the text. 

RT-PCR analysis: Poly (A) -selected RNA  was reverse  tran- 
scribed  using oligo-d (T)  and random hexanucleotide prim- 
ers (Invitrogen, San  Diego, CA) and Superscript reverse  tran- 
scriptase ( Bethesda  Research  Laboratories, Gaithersburg, 
MD) . The cDNA samples  from  each primer were pooled and 
amplified by PCR. The resulting PCR products were either 
sequenced directly (CASANOVA et al. 1990) or cloned into 
PCR-Script  vectors ( Stratagene, Inc., La Jolla, C A )  and then 
sequenced using  Sequenase  version 2 (United States Bio- 
chemical, Cleveland, OH).  Primers  were  designed  based on 
the cDNA sequence reported by MILLER et al. ( 1993).  The 
primers used for PCR  were as follows: primer 5E2  is 5 '- 
GCTTCTCAGGATGGATGTCA-3', located at the 5' end of 
exon 2; and primer 3E4  is  5"GCAGCCTAAAAATATTATTG 
3 ', located at the 3 ' end of exon 4. 

Ligation-anchored PCR analysis: Isolation of the 5 ' ends 
of the agouti  mRNA  was achieved  using the method of TROUIT 
et al. ( 1992). Poly(A)-selected RNA from wild-type C3H/ 
HeJ and mutant mice was reverse  transcribed and the re- 
sulting cDNA  was purified by phenolchloroform extraction. 
The cDNA  was then ligated to an anchor oligonucleotide ( 5 '- 

GCGCGA-3')  as described. An aliquot of this  ligation  reaction 
was then used in a PCR amplification reaction with the anchor 
primer ( 5 '-TCTAGAGTCGACGCGGCCGCmATT-3') and 
an agouti-specific primer RACE  200 (5  "AGACTCCTGTCAT- 
CTCCAAGCGTCT-3'),  which spans nucleotides 197-227 of 
the cDNA ( BULTMAN et al. 1992; MILLER et al. 1993). The 

TTTAGTGAGGGTTAATAAGCGGCCGCGTCGACTCTAGA- 
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FIGURE 1.-Expression  of a p l i  in  recessive mutants. (A)  
Poly (A) RNA (5  pg/lane) from skin of 4-May-old homozy- 
gous mutant  and wild-type ( A )  mice was electrophoresed in 
a formaldehyde-agarose gel, transferred  to  a nylon membrane 
and hybridized to an agouti cDNA probe containing  exons 2- 
4. The same filter was then probed with a GAPDH cDNA 
fragment to control  for quantity and quality of RNA loaded. 
Molecular sizes  shown are in kilobases. ( B )  Poly (A) RNA (3  

lane) from skin of 4-May-old wild-type ( A )  mice and 
homozygous mutant mice was characterized as described :%! 

for A. 

resulting products were then cloned into PCR-Script vectors 
(Stratagene Inc.) and sequenced. 

Histological analysis: Homozygous and heterozygous a'"' 
mice died or were euthanized and complete necropsies were 
conducted. Representative tissues were collected and pre- 
served  in  10% neutral  formalin. Tissues were trimmed, pro- 

A 

cessed, sectioned at  -6mm thickness and stained with hema- 
toxylin and eosin. 

Pulsed-field  gel analysis: Spleens from wild-type  C3H and 
af8~'/a'"' animals were harvested and spleen cells were em- 
bedded in 0.5% (w/v) agarose blocks and digested with 
rare-cutter restriction enzymes as described previously (KINGS 
LEY et al. 1992). Forty-microliter blocks were loaded on a 1% 
pulsed field gel grade agarose gel and subjected to clamped 
homogeneous electric field (CHEF) gel electrophoresis 
( CHU et al. 1986) using a CHEF Mapper pulsed field electro- 
phoresis system (Bio-Rad, Melville, N Y )  . Resolution in the 
size range of 50-1000 kb was achieved using a 50-90-sec 
pulse for 22 hr  at 6 V/cm and 14". Gels were then UV-nicked 
and DNA  was transferred  overnight  to Hybond N+ mem- 
branes  (Amersham, Arlington Heights, IL) by standard alka- 
line transfer methods. The resulting blots were then  treated 
in the same manner as standard Southern blots. 

RESULTS 

Six  viable  recessive agouti mutations were  analyzed  in 
this study.  Two mutations arose spontaneously (am', a') , 
three were generated by radiation (a",  a", a 'xH) ,  and 
one was generated by treatment with ethylnitrosourea 
(ENU; a'hH; see MATERIALS AND METHODS). The pheno- 
types  of these mice range from nearly agouti to com- 
pletely  black. We determined  that  the ad,  a"", a", a"", 
and a'6H mutations each arose on a C3H chromosome 
by using a  probe at the agouti locus that  detected  a 
polymorphism between C3H/ HeH or C3H/HeJ, 101/ 
H, and C57BL/6J (see MATERIALS AND METHODS; data 
not  shown). DNA from mice carrying the a' mutation, 
which arose in the S strain, produced restriction frag- 
ments indistinguishable from C3H. 

Expression of a g o u t i :  It would be reasonable to ex- 
pect  that  the  darker  than  normal coat colors of some 
recessive agouti mutants might be due to a decrease 

a16H/a16H 
" 
G A T C   G A T C  

+ I +  

- - 
ae/ae + I  + 
-m 
G A T C G A T C  

1 

4 
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FIGURE  2."Sequence changes in the a p t i  coding region in a'6n and a' mutants. (A) Agouti nucleotide  sequence from the 
putative signal peptide  region in a'6H mutants. RT-PCR  was performed using primers  that amplify the agouti coding region (5E2 
and  3E4).  The T to  C transition at position 167 (arrow) results in a cysteine to  arginine change in the  amino acid sequence 
of the  mutant. (B)  Sequence surrounding  the agouti translation start site in a' mutants. LA-PCR  was performed using a nested 
anchor  primer  and an uptispecific  primer located near the 3' end of exon  2 (RACE 200).  The A at position 122 in the wild- 
type sequence (arrow) is deleted in the mutant, destroying the ATG initiation methionine codon. 
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GGGCCTCTGGGACGAGTCTGAACCTACTGGGCTGAAAGCAAAGGGGCTTCTCAGGATGGA 60 

M D  - 

TGTCACCCGCCTACTCCTGGCCACCCTAGTGAGCTTCCTGTGCTTCTTCACCGTCCACAG 120 

V T R L L L A T L V S F L C F F T V H S  - 

CCACCTGGCACTCGAGGAGACGCTTGGAGATGACAGGAGTCTGCGGAGTAACTCCTCCAT 180 

H L A L E E T L G D D R S L R S N S S M  - 

GAACTCGCTGGATTTCTCCTCTGTTTCTATCGTGG 215 

N S L D F S S V S I V  - 

FIGURE 3.-Sequence of a"! exon 1. Sequence of the 5'  end of the agouti cDNA from a"! mutants. LA-PCR was performed 
as in Figure 2B. Instead of one of the known a out2 exon 1 sequences, a unique 45bp sequence (nucleotides  1-45) was found 
spliced to exon 2 (nucleotides 46-215) in amymutants. The amino acid sequence of the open reading frame is  shown  below 
the nucleotide sequence. 

in the levels  of agouti mRNA produced in mutants as 
compared with  wild-type  mice. To determine if that was 
the case,  poly (A) RNA from skin  of 4-5day-old wild- 
type C3H/HeJ ( A / A )  and homozygous mutant mice 
was examined by Northern analysis using an agouti 
cDNA probe  (Figure 1, A and  B) . The  and ae 
mutants show nearly the same level (70%) of agouti 
expression as  wild-type  C3H  mice. The nonagouti allele, 
a ,  shows an eightfold lower  level  of expression of a 
smaller agouti mRNA, this mutation has recently been 
determined to be caused by a 12-kb insertion near exon 
IC (BULTMAN et al. 1992) and is shown here only for 
comparison with the  other recessive mutations. The 
other  mutants show a decreased level  of agouti message, 
especially the amJand a* mutants  (2-3%  ofwild type). 

Analysis of agouti genomic  alterations: To determine 
if gross changes in genomic structure could account for 
the recessive mutant phenotypes, genomic DNA from 
wild-type and homozygous mutant mice was digested 
with  several  enzymes and hybridized to probes essen- 
tially covering the  entire agouti locus. All probes located 
downstream of exon lC, including  probes  containing 

TABLE 1 

Pathology of d W / d m  mice on the C57BL/6J background 

No. 
Tissue  Lesion affected 

Lung Alveolar proteinosis and 17/19 

Spleen Hematopoietic cell 17/20 

Lymph nodes Lymphoid hyperplasia 17/20 
Skin/ear Ulcers, inflammatory processes 14/20 
Thymus Lymphoid hyperplasia 13/16 

Forestomach Epithelial hyperplasia 6/20 
Glandular Inflammation 6/20 

interstitial inflammation 

proliferation 

medulla 

stomach 

Twenty  mice  were examined (10 males, 10 females) at 4 
mo of age. 

exon 2, exon 4, and a region just 3' of the  gene,  did not 
detect any alterations in restriction patterns between 
mutant  and wild type (data  not shown) . Several restric- 
tion fragment  length polymorphisms ( RFLPs) were de- 
tected in one of the mutants, a*, when hybridized to 
a genomic probe,  probe lC, containing  both exons 1B 
and 1C. This alteration has been localized to a region 
-5 kb upstream of exon 1B (data  not shown; see map 
in Figure 6A). Because this change is detected in the 
putative promoter  region, this mutation may affect a 
regulatory element  required  for  normal transcription, 
resulting in the decreased expression of agouti mRNA 
observed in ada mutants. All other mutants displayed 
a restriction pattern identical to wild  type (data  not 
shown). 

Sequence analysis of agmti transcripts in mutant 
mice: To test whether mutations in the coding region 
of agouti were responsible for the  dark coloration of 
these recessive mutants, primers from exons 2 and 4 
were used in a PCR reaction on reverse-transcribed 
mRNA from the skin  of each mutant strain (RT-PCR) . 
The resulting products were sequenced  either directly 
or after subcloning. Sequencing of the coding region of 

mutants revealed a point  mutation in the putative 
signal sequence of agouti (Figure 2 A ) .  This mutation 
changes the T at position 167 of the cDNA sequence 
to a C, resulting in a cysteine to  arginine change at 
residue 16 in the  amino acid sequence. We confirmed 
that this base change was a true mutation and  not a 
polymorphism between C3H/HeJ mice, the  control 
used in the RT-PCR reaction, and  C3H/HeH mice, on 
which the  mutation arose, by sequencing  an exon 2 
PCR product from C3H / HeH genomic DNA (Figure 
2A). No other  coding region mutations were found in 
any of the  other recessive mutants by this method. 

To examine the 5 ' region of agouti for sequence 
changes, recessive mutant cDNAs were subjected to liga- 
tion-anchored PCR (LA-PCR) and  then  sequenced. US 
ing this technique, mutations were detected in both a' 
and am! animals. Mutant a' animals have a 1-bp deletion 
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FIGURE 4."Pathology of lung tiss n  homozygotes.  Homozygous  mice  show  characteristic  lung  changes of alveolar 
proteinosis  and  chronic  interstitial .... .ammation (A) compared  to wild-type mice (B)  . Airways  are laden with macrophages 
having  abundant eosinophilic cytoplasm and  cellular  debris. (A, inset) shows a  macrophage with an  intracytoplasmic  crystal. 
(C)  Alveoli  are lined by  type I1 pneumocytes  with  numerous  clear  cytoplasmic  vacuoles ( p )  and  organization of exudate is 
bordered by  an  aggregate of cellular  debris enveloped by epithelial  cells  and  delicate stroma (dashed line) . (D)  A pulmonary 
vein  is  surrounded by a  prominent  infiltrate of plasma cells (dashed line) with  adjacent  alveoli  laden  with  macrophages (m) . 
H + E stained  sections,  magnification, X48; inset  magnification,  X479. 

at position  122 of the cDNA, altering the translation 
start site in exon 2 (Figure 2B).  This mutation deletes 
the A of the ATG initiator methionine, presumably  re- 
sulting in a  lack of translation initiation, and hence no 
agouti protein. We confirmed the presence of the a' 
mutation in genomic DNA  by PCR-amplifyng  exon 2 
using  genomic  primers and sequencing the resulting 
product. Mutant am' animals  have  a  normal  coding  re- 
gion, composed of exons  2-4, attached to  a new  45-bp 
sequence at  the 5 ' end instead of to the wild-type 111- 
bp exon 1C or other exons 1 (Figure 3) .  Again, we 
confirmed that this extra 45 bp of sequence was not 
due to  a PCR artifact by additional independent PCR 
experiments. Comparison of this  45-bp  sequence  with 
others in  GenBank does not detect any  significant ho- 
mology  to known genes.  Hybridization of a probe from 
this  new  sequence  to  genomic  clones containing the 
region  upstream of exon 2 has  revealed that this  se- 
quence is present in  a  3-kb  region  upstream of exon 
1B in  wild-type  animals.  Why it is spliced  to exon 2 in 

amJanimals is unclear. The au and a* mutants do 
not have  any alterations  in the 5 ' region of the agouti 
cDNA. 

~nalysis of the d m  mutant: Nonagouti-u18H mice are 
unique among agouti mutants,  because  homozygous 

mice  have an immune disorder as  well  as a  coat- 
color  change.  Initial analysis  of the mutation was 
conducted at Harwell in crosses  involving inbredJU/Ct- 
a, c mice. On this  background,  homozygous a18H mice 
became sick at -3-4  mo and the abdomen was often 
distended and hard due to  a  thickening, loss of elastic- 
ity, and occasional  blockage of the large  intestine  along 
all or part of its length. Further examination of these 
intestinal  lesions  revealed  extensive  areas of the submu- 
cosa (sub-epithelium) that were infiltrated by inflam- 
matory  cells,  predominantly  polymorphs. At some  sites 
the inflammatory  reaction extended into one or both 
layers  of the intestinal wall and contained a higher per- 
centage of mononuclear cells. The above  phenotype 
is consistent with a  mouse  having  an  immunological 
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reaction to  the  contents of the large intestine. Rarer 
features included scarring of the skin caused by scratch- 
ing, primarily affecting the back and regions around 
the eyes and ears. 

Surprisingly, on the C57BL/6J background alxH/alxH 
mice do  not develop any intestinal problems. Instead, 
homozygous animals exhibit a severe immune disease 
that results in death  at 4-6 mo. A summary of the 
pathology is given  in Table  1. The cause  of death of 
these mice can likely be  attributed to hypoxia  associated 
with pulmonary chronic interstitial inflammation and 
alveolar proteinosis. Lung lesions are characterized by 
an extensive accumulation of deeply eosinophilic gran- 
ular or globular material both  free in alveoli and within 
the cytoplasm  of macrophages (Figure 4, A and D ) . 
Macrophages are large and often multinucleated, and 
their cytoplasm often  appears laminated and infre- 
quently contains large amorphous crystals (Figure 4A, 
inset). Cells lining alveoli,  many considered  to be type 
I1 pneumocytes, are large and contain clear cytoplasmic 
vacuoles (Figure  4C) . A variable, usually minimal infil- 
trate of neutrophils in alveoli,  perivascular  plasma  cell 
infiltrates (Figure  4D) , fibrosis  of interstitial areas, and 
organization of exudate in airways resulting in oblitera- 
tive pneumonia  are also seen in the lungs of  homozy- 
gous mutant animals. 

Tissues other  than the  lung  are also affected in a18H 
homozygous animals. A variable, often marked expan- 
sion of the splenic red  pulp with hematopoietic cells is 
frequently observed. Erythroid progenitor cells pre- 
dominate  (Figure 5A) , in contrast to the loose reticular 
stroma  and  the mixed cell population observed in the 
red  pulp of  wild-type animals (Figure 5B). Lymph 
nodes  exhibit hyperplasia of lymphoid follicles and dis- 
tension of medullary sinusoids with mature plasma  cells 
(Figure 5C).  There is a modest hyperplasia of the fore- 
stomach epithelium of  homozygous mutant mice char- 
acterized by an increase in the thickness of the stratified 
squamous epithelium and a variable hyperkeratosis 
(Figure 5E) . Inflammation of the  glandular stomach 
is observed at low incidence and is characterized by a 
mixed inflammatory cell infiltrate of the submucosa. A 
minimal replacement of parietal cells  of the glandular 
epithelium by mucocytes accompanied the inflamma- 
tory reaction. The skin  of these animals, especially the 
pinnae of the  ear, displays ulcerations, chronic in- 
flammatory processes and epidermal hyperplasia (Fig- 
ure 5G), presumably due to scratching, as was seen on 

tkeJU/Ct-a, c background. Some heterozygous animals 
show' mild lymphoid hyperplasia in spleen and lymph 
nodes, but they never exhibit either  the  lung  or skin 
lesions seen in  homozygous a18H animals. The differ- 
ences in phenotype seen between alXH mice on the  JU/ 
Ct-a,c background and those on the C57BL/6J  back- 
ground may be due to the influences of other genes 
that modify the effect of the  mutation causing immune 
dysfunction. 

Agouti mRNA  of normal size  is expressed in ani- 
mals, but  at  a 10-fold  lower  level than seen in wild-type 
C3H animals (Figure 1B). Examination of the coding 
region including  the translation start site as well  as the 
5 end of the cDNA  by  RT-PCR and LA-PCR, respec- 
tively, did  not  detect any sequence changes. Thus,  the 

mutation most  likely  affects the  promoter region 
of agouti, resulting in reduced agouti expression. 

It is unlikely that  the  phenotype seen in homo- 
zygous mice is due solely to  a  mutation in the agouti 
gene, because none of the  other agouti alleles displays 
an  immune disease. Because the al*H mutation likely 
affects two loci, we would expect  a large genomic alter- 
ation  rather  than two separate smaller mutations. To 
determine if genomic  alterations exist near  the agouti 
locus, we compared  genomic DNA from alXH animals 
with DNA from  the  parental  strain ( C3H / HeH ) di- 
gested with several restriction enzymes. The blots were 
hybridized with probes in and  near  the agouti locus 
(Figure 6A).  The only change  detected was an in- 
crease in the size  of a KpnI fragment recognized by an 
exon 1C-containing probe, from 16 kb in wild-type 
mice to 16.4 kb in a18H animals (Figure  6B) . No 
changes were detected with probes from the  coding 
region of agouti (exon 2 and  exon 4)  or from the 
region immediately 3 of the  gene ( data  not shown ) . 
From this we conclude  that  a  mutation associated with 
the alSH phenotype is upstream of the agouti coding 
region. To further localize the  mutation,  genomic 
clones of the  5 ' region of agouti were isolated using 
probe 1C. A l.&kb EcoRI fragment isolated from one 
of these clones, probe "1.6, detects polymorphisms 
between C3H and DNAs with several enzymes 
(Figure 6C).  In most cases, probe RI-1.6 detects  a 
single band in C3H DNA and two altered  bands in 
u ' ~ ~ D N A ,  one  more  intense  than  the  other. This result 
could  be  explained if the  mutation  resulted from an 
inversion where the breakpoint  near the agouti locus 
is located within this 1.6-kb region.  Thus part of the 

FIGURE 5.-Common lesions in other affected  tissues  in ufaH homozygotes. Splenic red pulp is expanded by a  proliferation 
of hematopoietic cells in  mutant (A) versus  wild-type ( B )  animals. The proliferation was composed primarily of erythroid 
progenitor cells (A, inset) as opposed to loose reticular  stroma of the red pulp with the expected lymphoid and hematopoietic 
cells (B,  inset). (C)  Mandibular  lymph nodes  of mutant mice have mild hyperplasia of the follicle and medullary  areas  are 
laden with  plasma cells (inset) compared  to  wild-type  mandibular  lymph nodes ( D )  showing the expected loose stroma and 
lymphocyte component (inset) . The forestomach of mutant mice ( E )  shows  a  hyperplastic  stratified  squamous epithelium (e )  
compared to wild-type (F)  as well  as  a  thick  acellular  keratin  layer ( k )  . ( G )  The pinna of the ear  in  a  mutant mouse shows  an 
ulceration of the epithelium ( u ) ,  exposure of the cartilage ( c ) ,  chronic inflammation of the subcutis ( s )  and epithelial 
hyperplasia ( e ) .  H + E stained sections, magnification X120; inset, magnification X479; E and F, magnification X240. 

~~ 
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FIGURE 6.-Genomic  analysis of the u'"' allele. (A) Restriction map of the u p t i  gene showing the locations of ugouti 
noncoding exons  lA, 1B and 1C (open  boxes)  and  the first coding exon, exon 2 (solid box). Enzymes used: BantHI, B; EcoRI, 
E; KpnI, K. Probes used in subsequent hybridization analyses (hatched boxes) are designated as probe IA, a 800-bp BamHI- 
XhoI genomic  fragment  that  contains  exon lA, located - 120 kb upstream of exon 2, the first coding  exon; probe "1.6, a 1.6- 
kb EcoRI genomic  fragment -25 kb upstream of exon 2; and  probe  lC, a 700-bp &I-EcoRI genomic  fragment that contains 
exons 1B and  IC, located -18 kb u stream of exon 2. "Size  as reported in VRIELING et al. 1994. (B) Comparative Southern 
analysis  of  wild  type ( + /  + )  and n'"/a'"' DNA digested with KpnI and hybridized with a cDNA probe containing  exon 1C 
and 80 bp of exon 2. Because of the large intron between the two exons, two bands are usually detected: the  upper band 
corresponds  to the region around exon 1 and  the lower band to that  around  exon 2. Molecular sizes are shown  in  kilobases. 
(C)  Comparative Southern analysis of wild type ( + )  and U'" ' /U '~ ' '  DNA digested with the  indicated enzymes and hybridized 
with probe RI-1.6. Molecular sizes are shown in kilobases. 

probe recognizes one  end of the inversion near agouti, tween C3H and u IRH alleles. We used clamped homoge- 
and  the  remainder of the  probe recognizes the  other neous electric field (CHEF) gel electrophoresis to show 
end of the inversion, presumably near  a  second locus large RFLPs between alXH and C3H DNAs (Figure 7, 
involved  in the  immune  phenotype of ufx" mice. A and B ) .  N o  changes between the BssHII and EugI 

If an inversion has occurred in afXH mutants, long restriction patterns of C3H and alRH DNAs were de- 
range restriction analysis may detect differences be- tected with an exon 4 probe or with a  probe  just 3' of 
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FIGURE 7.-Pulsed field gel analysis 
of the u'*" allele. Spleen DNA samples 
from C3H/OR and a'*" homozygotes 
were digested with BssHII ( B ) ,  Eugi 
( E ) ,  or NotI ( N )  , separated by CHEF 
electrophoresis, and  analyzed by blot hy- 
bridization  with probe 1A (A)  or probe 
1C ( B )  . The NotI fragment  is the same 
size (790  kb) in both mutant and con- 
trol with both probes 1A and 1C. The 
sizes of the BssHII and Eugi bands  in  the 
controls probed with 1A are the same 
size (290 and 205  kb, respectively) as 
those probed with 1C. The sizes of the 
mutant BssHII and Eugi bands detected 
with probe 1A are different than those 
detected with probe 1C. 

Probe 1A Probe  1C 

the agouti gene, providing further evidence that  the 
mutation in alRH occurs near  the 5'  end of the agouti 
gene  (data  not  shown). A 790-kb NotI fragment is de- 
tected in C3H and alRH DNA with both  probe 1A (Fig- 
ure 7A) and  probe 1C (Figure 7B),  and changes  that 
occur within this fragment  are probably responsible for 
the  mutant phenotype. Specifically, a 290-kb  BssHII 
band is detected by probes 1A and 1C  in  C3H DNA, 
but 320- and 225-kb  BssHII bands  are  detected in alRH 
DNA  with probes 1A and  lC, respectively.  Similarly, 
both probes detect a 205-kb EagI band in C3H DNA, 
but 225 and 180-kb EagI bands are detected in mutant 
DNA  with probes 1A and  lC, respectively. These results 
suggest that  the alRH mutation did not arise from a 
simple deletion. 

More direct evidence that alRH results from an inver- 
sion comes from physical  analysis  of a mouse yeast arti- 
ficial chromosome (YAC) that we have isolated with 
probes from the agouti region ( LEHRACH et al. 1990). 
CHEF  analysis indicates that  the agouti coding region 
on this YAC (YLE1130) maps -180 kb from the  right 
arm. Interestingly, a probe isolated from the proximal 
side of the alRH breakpoint  near agouti exon 1B maps 
on the opposite side of agouti on this YAC (near the 
right arm) as a probe from Rub, a locus encoding  an 
RNA-binding protein  that has been localized  -280 kb 
proximal of agouti in wild-type DNA ( DUHL et al. 1994a; 
MICHAUD et al. 1994a). Because the  breakpoint  probe 
was isolated from a region that maps proximal of agouti 
in alRH DNA, but maps downstream of agouti in wild- 
type YAC  DNA, the  rearrangement in aIRH must, at least 
in part, result from an inversion. The location of the 
agouti breakpoint  probe on wild-type YAC  DNA suggests 
that  the distal breakpoint of the inversion lies  within a 

region no  more  than 180 kb distal  of agouti (data  not 
shown ) . 

DISCUSSION 

We have examined the  structure of the agouti locus 
in six  recessive  viable mutations to identify alterations 
that might be responsible for the phenotypes exhibited 
by these mice.  Results are summarized in Table 2. Four 
of the six mutations (amJ, a", udn and ufRH)  appear to 
be regulatory mutations that affect the expression of 
agouti mRNA. The  other two recessive mutations (a'6H 
and a') affect the coding region. Nonagouti-16H mice 
were found  to have a T to C transition at position 167 
in the putative signal sequence of the agouti gene. This 
change results in a cysteine to  arginine substitution at 
residue 16 of the  protein. Because the level  of agouti 
mRNA produced by these mice is near normal, this 
mutation is  likely to be acting at  the level  of the protein. 
The change from an  uncharged  polar  amino acid (cys- 
teine) to a charged  amino acid (arginine) may inter- 
fere with the  structure of the signal sequence, pre- 
venting the agouti protein from being correctly 
transported and secreted into  the  hair follicle.  Similar 
mutations in bacteria (OLIVER 1985)  and yeast (KAISER 
and BOTSTEIN 1986) have been shown to greatly impair, 
but  not prevent, protein secretion. Extreme  nonagouti 
mice were found  to have a point  mutation  that deletes 
the A of the ATG in the translation start site at position 
122  of the cDNA sequence. This deletion should pre- 
vent the agouti protein from being expressed, which  in 
turn, would produce  the eumelanotic phenotype seen 
in a'mice. 

Given the large and genetically complex promoter 
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TABLE 2 

Analysis of recessive agouti mutants 

agouti Mutation agouti Genomic cDNA sequence 
mutant induction expression  alteration" differenceb Nature of mutation 

aml Spontaneous Decreased No Yes New exon 1 
UU Radiation  Decreased No No Promoter/regulatory 

8H 

6H 
Chem + rad Decreased Yes No Promoter/regulatory 
ENU" Normal No Yes TGC(Cys) to CGC(Arg) 

ad" Radiation Decreased Yes No Promoter/regulatory 
a' Radiation Normal No Yes No initiation 

Southern blots of Kpddigested (a'") or BamHIdigested C3H and mutant DNAs  were  hybridized  to an 
agouti cDNA probe containing exon 1C and 80 bp of exon 2. 

* Mutations  in the coding region were determined using  reverse  transcriptase-PCR  (RT-PCR).  Mutations  in 
the 5' region were determined using ligation-anchored PCR  (LA-PCR) . PCR products were either sequenced 
directly or subcloned into PCR-Script  vectors and then sequenced. 
' Ethylnitrosourea. 

region of agouti compared with the small coding region, 
it is not surprising that most of the mutations described 
to date,  both  dominant and recessive, are regulatory. 
Multiple  isoforms of the agouti mRNA have been de- 
scribed (VRIELING et al. 1994), but  the temporal and 
spatial expression patterns of each isoform  have not 
been completely elucidated. There may be some ele- 
ments, as  yet unidentified, which modulate usage  of the 
various untranslated exons in specific parts of the body. 
Variations in the phenotypes of the recessive regulatory 
mutants described here may be due to mutations in 
elements necessary for  proper expression from either 
the hair-cycle  specific exons or the ventral-specific  ex- 
ons or both. 

The two phenotypes associated  with the alBH muta- 
tion are probably the result of an inversion that affects 
two loci: agouti and  another, as  yet unidentified,  gene 
that maps within 180 kb distal of agouti. The proximal 
breakpoint, located -6 kb upstream of agouti exon lB, 
has been cloned. Studies are underway  to determine 
the exact location of the second distal breakpoint. Al- 
though  the A h 9  gene, which  has been implicated in 
the  prenatal lethality associated  with the ax mutation 
(MILLER et al. 1994), is predicted to be  contained 
within the inverted sequence,  the aIRH inversion is not 
likely to affect A h 9  expression, as no prenatal lethality 
is associated  with the  phenotype. 

The disease phenotype exhibited by a'sHmice is simi- 
lar to that of another recessive mutation, motheaten. 
There  are two alleles of this locus: motheaten (me) , caus- 
ing death in the homozygous condition at 6-8 weeks 
(GREEN  and SHULTZ 1975;  SIDMAN et al. 1978),  and 
motheaten viable (me"), causing death  at -25  weeks of 
age ( SHULTZ et al. 1984) . This mutation is characterized 
by early onset autoimmunity and severe immunodefi- 
ciency, also seen in mice. The cause  of death in 
both motheaten and mice, as  well  as the pathology 
of the lungs, lymph nodes, and spleens of both mutants, 
is quite similar, varying  mainly in degree of severity. 

The lungs of both  mutants have macrophages with eo- 
sinophilic granular cytoplasm containing intracellular 
crystals, but the  number of  crystals is greater in moth- 
eaten mice ( WARD 1978).  The skin  of motheaten mice 
has neutrophilic lesions in the epidermis that  disrupt 
hair follicles and pigmentation and is responsible for 
their patchy appearance,  hence  the  naming of this mu- 
tant. The skin  of some mutant mice ( 14/ 20 autop- 
sied) show ulcerations and chronic inflammatory pro- 
cesses, but  not  the  pronounced  neutrophilia seen in 
the motheaten mutants. There  are  three differences in 
the tissues affected in and motheaten mice. One 
feature seen in  mice that is not  present in motheaten 
animals is a hyperplasia of the forestomach and occa- 
sional inflammation of the glandular stomach. Also, the 
kidneys of motheaten mutants exhibit granular deposits 
of immunoglobulins in glomeruli, evidence of a severe 
autoimmune defect; only three mice had any  glo- 
merulopathy. Additionally, me"/me" mice are sterile, 
while  mice are fertile. 

The  gene mutated in motheaten mice  has been cloned 
( YI et al. 1992 ) . Point mutations in the hematopoietic  cell 
phosphatase (Hcph) gene  on  the distal end of chromo- 
some 6 are seen in both me and me" animals ( SHULTZ 
et al. 1993; TSUI et al. 1993). It is possible that  the 
second locus disrupted in aIRHmutants may be  part  of 
the same pathway  as HCP or may  play a role in a related 
pathway. Cloning of the  gene  disrupted by the putative 
inversion in alRH mice is underway and should allow US 

to test this hypothesis. 
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