
viduals in Family I. Their hormonal pheno- 
type of severe GH and Prl deficiency cou- 
pled with mild central hypothyroidism 
differs from that of Snell dwarf mice. These 
mice lack GH, Prl, and TSH and have no 
recognizable somatotropes, lactotropes, or 
thyrotropes in their hypoplastic anterior 
pituitary glands. These differences suggest 
that the A158P mutant protein remains 
capable of directing embryonic differentia- 
tion and proliferation of somatotropes and 
lactotropes as well as survival of thyro- 
tropes. The appearance of central hypothy- 
roidism during GH treatment is consistent 
with the observation that Pit-1 participates 
in the hormonal modulation of j3 TSH gene 
transcription (1 8). Transcriptional activa- 
tion of other target eenes that influence - - 
cellular proliferation and survival events 
may have a less stringent requirement for an 
intact POU-S domain. Alternatively, Pit-1 
may exert a direct effect on DNA replica- 
tion such as that proposed for Oct-1 acti- 
vation of viral DNA replication (1 9). 

Comparison of the differing phenotypes 
expressed in the two Dutch families suggests 
a gene dosaee effect. The two affected - - 
individuals in Family 11, who were com- 
pound heterozygotes for the A158P allele 
and a Pit-1 deletion allele, had more severe 
central hypothyroidism than the A158P 
homozygotes in Family I. The younger het- 
erozygote's anterior pituitary gland was ab- 
normally small. The impact of a reduction 
in gene dosage may be multiplied because 
the A158P mutant protein is a poor activa- 
tor of transcription of the Pit-1 gene itself. 
Adult stature in family members with het- 
erozygosity for either the A158P or the 
deletion allele did not differ from adult 
stature in family members with two normal 
Pit- 1 alleles. 

Disruption of the predicted a-helical 
structure in the POU-S domain severelv 
compromises transactivation of a subset of 
Pit-1 target genes. Because the A158P mu- 
tant protein retains high-affinity binding for 
its DNA response elements, the resulting 
human genetic disease suggests that a tran- 
scriptional activation function of the 
POU-S domain of Pit-1 provides a critical 
contribution to only a portion of the pro- 
gram of developmental gene activation in 
the human pituitary gland. 
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The Mouse Pink-Eyed Dilution Gene: Association 
with Human Prader-Willi and Angelman Syndromes 

John M. Gardner, Yoshimichi Nakatsu, Yoichi Gondo,* 
Susan Lee, Mary F. Lyon, Richard A. King, 

Murray H. Brilliantt 
Complementary DNA clones from the pink-eyed dilution @) locus of mouse chromosome 
7 were isolated from murine melanoma and melanocyte libraries. The transcript from this 
gene is missing or altered in six independent mutant alleles of the p locus, suggesting that 
disruption of this gene results in the hypopigmentation phenotype that defines mutant p 
alleles. Characterization of the human homolog revealed that it is localized to human 
chromosome 15 at q11.2-q12, a region associated with Prader-Willi and Angelman syn- 
dromes, suggesting that altered expression of this gene may be responsible for the 
hypopigmentation phenotype exhibited by certain individuals with these disorders. 

Mutations in mice have been instrumental 
in the identification of a number of struc- 
tural and regulatory genes involved in var- 
ious aspects of development, including pig- 
mentation (1). At least 13 alleles of the 
pink-eyed dilution (p) locus on mouse chro- 
mosome 7 are defined by reduced pigmen- 
tation of both coat and eyes as compared 
with the wild-type allele (2). It has been 
proposed that the p locus encodes a struc- 
tural protein present in the melanosome 

organelles of melanocytes (MCs) because 
mutant p melanosomes exhibit structural 
abnormalities and have a reduced capacity 
to bind or accumulate melanin (3). Fur- 
thermore, as some mutant p alleles are 
associated with additional phenotypic fea- 
tures, such as neurological deficits, male 
sterility, reduced female fertility, and cleft 
palate (2, 41, the gene product of the p 
locus may also affect the development of 
other organ systems (5). However, because 
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all p alleles associated with these additional 
phenotypes were derived from radiation- 
induced mutagenesis, alterations in genes 
adjacent to the p gene may be the source of 
this phenotypic pleiotropy (4, 6, 7). 

Using the genome scanning method, we 
have identified and cloned DNA fragments 
from the p locus that are duplicated in the 
genome of the mutant allele pink-eyed un- 
stable, pun (8). We used chromosome walk- 
ing and pulsed-field gel electrophoresis to 
identify the boundaries of this duplication 
and to characterize the duplicated segment 
of -70 kb that is present in the pun allele 
(9). The structure of the pun duplication, 
together with genetic observations (4), al- 
lowed us to predict that the gene encoded 
by the p locus and disrupted by the dupli- 
cation of genomic DNA extends beyond 
the duplication on both sides. We isolated 
overlapping A phage clones with sequences 
that spanned the DNA duplication (9). 

To search for evolutionarily conserved 
exons (lo), individual A clones with se- 
quences from the p locus were hybridized to 
human DNA in the presence of competing 
total mouse DNA to block hybridization of 
repetitive DNA. Distinct cross-hybridiza- 
tion signals were detected with phage clone 
U700, which contained sequences located 
at a boundary of the pun duplication (9). A 
400-bp Dra I fragment of unique-sequence 
DNA was subcloned from this phage insert. 
This fragment contained an open reading 
frame and hybridized to the genomic DNA 
of 18 mammalian species (I 1). Because the 
action of the p gene is autonomous in MCs 
(12), we used the Dra I fragment to screen 
cDNA libraries prepared from melanoma 
and MC RNAs (13). One cDNA clone, 
MC2701, obtained from a murine MC li- 
brary, was selected for further study. 

Clone MC2701 contained a sequence of 
3127 nucleotides with a long open reading 
frame of 2499 nucleotides (1 3). If the me- 
thionine codon at nucleotide position 13 1 
is the translation initiation site, the poly- 
peptide encoded by MC2701 will have 833 
amino acids (91,863 daltons) (Fig. 1A). 
The predicted protein encodes 12 hydro- 
phobic domains capable of spanning the 
lipid bilayer (Fig. 1B). Characterizations of 
melanosome abnormalities in p mutants 
suggest that this protein may be associated 
with melanosome membrane structures (3). 
MC2701 was not found to be homologous - 
J. M. Gardner, Y. Nakatsu, Y. Gondo, S. Lee, M. H. 
Brilliant, The Institute for Cancer Research, Fox Chase 
Cancer Center, Philadelphia, PA 191 11 
M.  F. Lyon, ~adiobiolog~ Unit, Medical Research 
Council, Chilton, Didcot, Oxon OX11 ORD, United 
Kingdom. 
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*Present address: Department of DNA Biology, School 
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to any known eukaryotic protein. However, 
we noted amino acid similarities in its 
hydrophobic domains with a variety of pro- 
tein receptors, ion transport proteins, and 
ion channels. These similarities most likelv 
reflect amino acid composition (1 4). 

Analysis of RNA from various cells and 
tissues demonstrated that MC2701 repre- 
sents the p gene and that disruption of this 
gene in mice bearing mutations at the p 
locus leads to abnormal melanogenesis (Fig. 
2). The p transcript was most abundant in 
murine MCs grown in culture. Comparable 
amounts of transcript were observed in pig- 
mented melanoma cells. The transcript was 
also Dresent in neonatal and adult eve tissue. 
presumably as a result of expression of the p 
gene in the retinal pigmented epithelium 
and the choroid body, known sites of mel- 
anogenesis in the eye. Small but detectable 
amounts of the transcript were also observed 
in fetal, neonatal, and adult brain RNA, 
and moderate amounts were detected in 
adult testis and ovary RNA (Fig. 2A). Be- 
cause several p alleles affect neurological and 
reproductive function (2, 4), it will be im- 
Dortant to determine if ex~ression of the b 
gene is functionally relevant in these tissues 
to understand the nature of these diverse 
phenotypes. No detectable hybridization sig- 
nal was observed in heart, kidney, spleen, 
liver, or thymus. 

+ The p transcript is present in sufficient 
amounts in the eyes of mice to allow rapid 
measurement of the relative steady-state 
amounts of this transcript in various mutant 
p alleles, ten of which were studied (Fig. 
2B). In six homozygous mutants character- 
ized by severe hypopigmentation, the wild- 
type transcript (3.3 kb) was either aberrant 
in-size v and d )  or undetectable [ p6H,  

p Z S H ,  p (the original mutant allele), and 
pcP], providing strong evidence that disrup- 
tion of this gene is responsible for the 
hypopigmentation phenotype. Each of these 
mutations exhibits large-scale differences in u 

DNA structure at the p locus, as compared 
with wild-type DNA (Fig. 3 and Table I). 
In contrast, the wild-type transcript is de- 
tected in those homozygous mutants char- 
acterized by intermediate pigmentation 
(pbs, pd ,  and 

The genomic structure of the p gene in 
pun mice confirmed our hypothesis that 
coding sequences of the p gene, disrupted 
by the 75-kb duplication, flank the dupli- 
cation in both the 5' and 3' directions (1 I). ~, 

Several genomic fragments hybridizing to 
the p gene are duplicated in pun DNA (Fig. 
3), and the p transcript is larger in pun mice 
(4.8 kb) than in wild-type mice (3.3 kb) 
(Fig. 2B). The pun mutant allele exhibits a 
high frequency of reversion to wild-type 
pigmentation in both the eyes and coat 
(15). In pun mice, the genetic reversion 
event results in the loss of du~licated se- 
quences [probably by unequal crossing-over 
(8, 9)], which restores the normal linear 
array of coding information in the p gene 
(Fig. 3). Moreover, the spontaneous in 
vivo "rescue" of the wild-type phenotype 
observed in the genetic reversion of pun 
mutant mice to revertant mice v+5) is 
coupled with the disappearance of the larg- 
er (aberrant) form of the transcript and the 
appearance of the normal-sized transcript 
(Fig. 2B), providing direct evidence that 
MC2701 encodes the p gene. 

We obtained a human countemart of 
the murine p cDNA by screening a human 
melanoma cDNA library (13) with the 
400-bp Dra I fragment of mouse genomic 

'. The predicted mouse p A 1 m E N K D I R m A V L E m L H Q T s ~ s ~ T c p D p G R L L m ( P E  
gene product. (A) Amino acid se- 61  AI\GKSVCVPEHTEFGSFLVKGSSSLKDLSFKEDTPLLWNSSO~OWWHPEFIATE - - 
quence deduced from the cod~ng 1 2 1  GSWENGLTAWEQKCMLGKEVADLSALASSEKRDLAGSVHLRAQVSKLGCC~ 

reglon of clone MC2701 (27) 181 v F W L C S I L P S L Y P D P G K F W Q L L A V S P ~ G H M S M I M L D L A G A L M A G G P S G S  
2 4 1  G K E E H V Y Y V V T Q T D A A G ~ ( M L T ~ L N P R S E H W S R T F E I V S R E A V S I S 1 Q  

Ammo ac~ds are numbered from 301 ASLWTRLVPLLLWQFLGAS IV- 

the nutatwe ~n~tiator meth~onine 361 A L U Y G , D R P S L T H W E W I D ~ G F F D Y C A V K A Y Q L S R G ~  .. . - 7 - - 
(nucleotide 

. -. - - . . 

131), however, no 
Kozak sequence is associated 541 ELKHEIHVWRLTAQRISPASREETAWGLLIEWHLWQRLHTFHRQISQEDKNWE 

with this methionine (29). The po- 
tential transmembrane domains 
are underlined, and potential sites 
of N-linked glycosylation (Asn-X- 
SerIThr) are in bold letters; there 
is no canonical signal-peptide se- 
quence (30). The nucleotide se- 
quence was determined by the 
chain termination method (31) 
with the use of Sequenase ( U S .  
Biochemicals) and has been de- 
posited with GenBank (13). (B) 
Hydrophilicity plot of the predict- 
ed amino acid sequence of the 

100 200 300 400 500 600 700 800 
Residue number 

mouse p gene. The plot was generated with the MacVector sequence analysis program (Interna- 
tional Biotechnologies, New Haven, Connecticut) with a window size of 20 and with the Goldman, 
Engelman, and Steitz (GES) hydrophilicity scales (32). Negative values indicate hydrophobic 
regions that may be buried in the hydrophobic environment of a lipid bilayer. 
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DNA that we used to obtain clone 
MC2701. Several partial cDNA clones ho- 
mologous to the mouse p gene were isolat- 
ed; the largest had a 2.2-kb insert (hu-p14). 
DNA sequence analysis of this clone re- 
vealed a high degree of homology between 
the predicted mouse and human p gene 
amino acid sequences (84% identical from 
amino acids 283 to 414 of the predicted 
mouse protein), suggesting that functional 
determinants in the p gene product are 
conserved in evolution. 

Fig. 2. Northern (RNA) analysis (33) with the 
use of the 2.1-kb Sst I fragment from clone 
MC2701 as a probe. (A) Polyadenylated RNA 
isolated from the indicated tissues of adult 
C57BU6J mice, RNA from MCs (0.1 or 1.0 pg) 
grown in culture (26), or B16F1 and B16F10 
murine melanoma cell lines (25). All lanes con- 
tained 1 ~g of RNA (except the second lane). 
Melanoma cells and MCs both expressed a p 
transcript of 3.3 kb (indicated by the arrow). 
Melanoma cells expressed additional forms of 
the transcript (2.6 and 2.2 kb). The size of the 
transcript detected in the eye, brain (5-d, post- 
natal day 5), testis, and ovary is apparently 
identical to the major MC transcript. An addi- 
tional species (1.9 kb) is also detected in testis 
RNA. (B) Total RNA (5 pg) from eye tissue of 
mice homozygous for the indicated alleles. The 
original mutant p allele is represented by SJLIJ. 
All samples were isolated from adult mice ex- 
cept for the two rightmost lanes, which came 
from newborn littermates. Transcript sizes were 
determined from the positions of 18s and 28s 
RNA and RNA markers (BRL). We rescreened 
the filters for ribosomal protein L32 mRNA (34) 
to ensure that each lane contained the same 
quantity and integrity of RNA (1 1). The arrow 
indicates the position of the 3.3-kb transcript. 

A syntenic relationship has been dem- 
onstrated between gene markers present on 
human chromosome 15 and mouse chromo- 
some 7. In particular, several of these hu- 
man chromosome 15 markers have been 
mapped in mouse and are closely linked to 
the p locus (7, 16). During the course of 
experiments to establish the long-range re- 
striction maps of the p locus in man and 
mouse by pulsed-field gel electrophoresis 
(I I), we noticed that probes derived from 
the p gene gave identical patterns of hybrid- 
ization to those observed with the human 
genomic probe IR-10, designated as the 
Dl 5s 12 locus on human chromosome 15 
(17). IR-10 contains an exon correspond- 
ing to a 3.4-kb cDNA (DN-10) isolated 

from a human fetal brain cDNA library 
(1 8). Comparison of the DNA sequence of 
DN-10 with that of human p cDNA clones 
isolated from a melanoma cDNA library 
(13) indicates that DN-10 is a human 
homolog of the mouse p gene. 

The finding that the human correlate of 
the mouse p gene is the same as the gene 
represented by IR-10 identifies the corre- 
sponding human locus as D15S12. This 
locus has been mapped to chromosome 
15q11.2-q12 (17, 19, 20), in the region 
associated with Prader-Willi syndrome 
(PWS) and Angelman syndrome (AS). 
Failure to inherit the paternal 15qll-q13 
region results in PWS, whereas lack of a 
maternal contribution of this region results 

Table 1. Molecular analysis of p alleles with MC2701 

Allele* Origint Pigmen- tation+ Transcript9 Genomic DNA1 

Spontaneous 
Spontaneous 
Spontaneous 
Spontaneous 
Spontaneous from pU" 
Radiation 
Radiation 
Radiation 
Radiation 
Radiation 

3.3 kb 
None 
3.0 kb 
3.3 kb 
4.8 kb 
3.3 kb 
3.3 kb 
3.3 kb 
None 
None 
None 

Normal 
Multiple polymorphisms 
Deletion 
Unknown defect 
Internal duplication 
Normal 
Unknown defect 
5' Rearrangement 
Deletion 
Deletion 
5' Rearrangement 

*Mice homozygous for the indicated alleles were analyzed. tReferenced in (28). *Symbols: +, pigmented 
as intensely as wild-type; -, severe hypopigmentation; +I-, dark eyes and intermediate coat color; and 2, 
intermediate eyes and coat color. Other phenotypes are associated with some p alleles (2, 4, 7). §Detected 
in total RNA from the eye (Fig. 2). IlDetected by Southern analysis [Fig. 3 and ( 11 ) ) .  

Fig. 3. Southern blot analysis of 
Sst I-dlgested DNA from homozy- S 

I 
gous w~ld-type (C57BLl6J or F? VI 5 ' -  q &  X C3HlHeJ) and p mutant mice The 0 y 0 
orlginal mutant p allele IS repre- x s .  

sented by SJUJ, 129/J, and PIJ. 
!Z%haaaa% % % % a s %  
- - 3 e r B " w - -  - 

D~gests were subjected to elec- 
trophores~s through a 0.8% aga- 
rose gel and transferred to Gene- ,ow , - - 
screen Plus (DuPont), as de- 
scribed (8). The blot was probed 6.9 b, w- 
with a 1 .O-kb Dra I l l  fragment de- 
rived from the MC2701 cDNA. Se- 
lected size markers at left indicate 
the position of exon-bearing frag- 4.0 kb, I)- 
ments missing from p' DNA (10.0 kb* .)- 

and 6.9 kb) and duplicated in pUn 
DNA (4.0, 3.6, and 0.8 kb). All - 
fragments are deleted in p6H and 

DNA. A minor 6.2-kb band 
detected by th~s probe was pre- 
sent in all DNA and presumably 
represents cross-hybridizing se- 
quences present at another lo- 
cus 
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Fig. 4. Molecular analy- 
sis of a PWS pedigree. 
DNA from a hypopig- - 
mented PWS proband kb 
and his parents were 14.1 - 
digested with Taq I, 8-4 - 
subjected to electro- 
phoresis through a 5.7 - 
0.8% agarose gel, 
transferred to Hybond 3.7 - 
N+ (Amersham), and 
hybridized to a 1.1-kb - 
Hind Ill-Eco RI frag- 
ment from clone hu- 
p14. The proband has 
failed to inherit the 1.8- 
kb allele for which his 0.6 - 
father is homozygous, 
demonstrating the lack 
of paternal inheritance. Other data (1 1) dem- 
onstrate the inheritance of a maternal allele in 
the proband. Size markers are shown at left. 

in AS. However, the critical regions re- 
sponsible for these two syndromes may be 
different (21). Although PWS and AS are 
both associated with imprinting of 15q11- 
q13, they are characterized by distinct phe- 
notypes that perturb the nervous system, 
cranial facial development, growth and 
stature, fertility (PWS only), and pigmen- 
tation (20-23). Disorders involving these 
same systems, which most likely involve 
several genes, are also apparent in mice 
with certain radiation-induced mutations of 
the p locus (7). However, none of these 
mutations in mice appear to be affected by 
imprinting. Mice heterozygous for mutant p 
alleles are fully pigmented, regardless of the 
parental origin of the mutant allele. 

In man, deletions of DJ5S 12 are corre- 
lated with hypopigmentation. In a compre- 
hensive study of 50 individuals with PWS 
(ZJ), 24 out of 31 (77.4%) individuals with 
IR-10 deletions were hypopigmented. In 
contrast, only 2 of 19 (10.5%) individuals 
with normal amounts of IR-10 were hypo- 
pigmented. It is unlikely that DJ5SJ2 mu- 
tations are dominant because mutant alleles 
of the mouse p locus are recessive. Howev- 
er, hypopigmentation may be manifest in 
individuals hemizygous for DJ5SJ2 as a 
result of the imprinting effects associated 
with 15qll-q13. The infrequent individu- 
als who are not hypopigmented, but who 
have deletions of IR-10, may represent 
variations in imprinting. Because IR-10 
represents only a small fraction of the ge- 
nomic DNA of the DJ5SJ2 locus, some 
hypopigmented individuals with apparently 
normal amounts of IR-10 sequences may 
have genetic lesions in other parts of 
DJ5SJ2. Southern blot analysis with a 
cDNA probe could be used to reveal lesions 
in DJ5SJ2 not detected by IR-10. The 
hu-pl4 cDNA probe demonstrated the lack 
of paternal inheritance of this gene in a 

hypopigmented PWS individual (Fig. 4). 
With the identification of the mouse p 

locus gene and its human correlate, we can 
begin to understand how this gene affects 
pigmentation, how it is imprinted in hu- 
mans, and why it is apparently not imprint- 
ed in mice. Moreover, on the basis of the 
phenotype of p locus mutations in mice and 
the association of tyrosinase-positive occu- 
locutaneous albinism (OCA type 11) in 
some individuals with PWS and AS (22, 
24), a subset of OCA type I1 may be caused 
by mutations in the DJ5S12 locus. Thus, 
mutations of the mouse p locus offer models 
for studying specific aspects of PWS, AS, 
and potentially OCA type 11. 
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