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Abstract. The mouse ruby eye (ru) and pale ear (ep) pig- 
ment dilution genes cause platelet storage pool deficiency 
(SPD) and prolonged bleeding times. The brachymorphic 
(bm) gene, in addition to causing skeletal abnormalities, is 
also associated with prolonged bleeding times. All three 
hemorrhagic genes are found within 10 cM on Chromo- 
some (Chr) 19. In this study, 15 microsatellite markers and 
five cDNAs, spanning 21 cM of Chr 19, were mapped in 
relation to the bin, ep, and ru genes in 457 progeny of an 
interspecific backcross utilizing the highly inbred strain 
PWK derived from the Mus musculus musculus species. 
Several markers were found to be closely linked to the 
three genes and should be useful as entry points in their 
eventual molecular identification. 

Introduction 

Platelet storage pool deficiency (SPD) is an autosomal re- 
cessive disorder characterized by a prolonged bleeding 
time and decreased contents of platelet dense and/or alpha 
granules (Witkop et al. 1989). After von Willebrand dis- 
ease, it is the most common inherited hemorrhagic disease 
in humans, with an incidence as high as 1/2000 in some 
populations (Witkop et al. 1989; Nieuwenhuis et al. 1987; 
Israels et al. 1990). It occurs in patients with the inherited 
Hermansky-Pudlak syndrome (HPS; Witkop et al. 1989; 
Depinho and Kaplan 1985) and the fatal Chediak-Higashi 
syndrome (CHS) (Witkop et al. 1989; Barak and Nir 1987). 
These forms of SPD are associated with pigment dilution, 
though human SPD can also occur without pigment dilu- 
tion (Belluci et al. 1983). 

On the basis of widely varying phenotypes (Weiss et 
al. 1979; Lages 1987), it is likely that SPD in humans is 
genetically heterogeneous as it is in mice (Swank et al. 
1991b, 1993). It will, therefore, be useful to have several 
animal models of SPD to identify the genes involved in 
platelet dense granule storage and secretion and eventual- 
ly to develop therapies for multiple forms of human SPD. 

Correspondence to: R.T. Swank 

Mice with inherited pigment dilutions are a rich source 
of mutations causing platelet SPD and serve as possible an- 
imal models for human HPS and CHS. We and others 
have found that 13 mouse pigment mutants have inherited 
platelet SPD (Novak et al. 1981, 1984, 1988; Ahmed et al. 
1989; Swank et al. 1991a, 1991b, 1993). One mutant, 
beige (bg), also has CHS (Brandt et al. 1981). An obvious 
advantage of the mouse models is their ease of genetic 
analysis. Other investigators have identified rat (Tschopp 
and Zucker 1972) HPS models, and CHS has been identi- 
fied in cats (Kramer et al. 1977), cattle (Meyers et al. 
1979a), mink (Meyers et al. 1979b), fox (Nes et al. 1983), 
and rats (Nishimura et al. 1989). 

Mouse pigment mutants with SPD include pallid (pa), 
Chr 2; cocoa (coa), Chr 3; light ear (te), Chr 5; reduced pig- 
ment (rp), Chr 7; ruby eye-2 (ru-2), Chr 7; mocha (mh), 
Chr 10; beige (bg), Chr 13; muted (mu), Chr 13; sandy 
(sdy), Chr 13; pearl (pe), Chr 13; pale ear (ep), Chr 19; and 
ruby eye (ru), Chr 19. The genes causing the pigment ab- 
normalities are recessive and are scattered throughout the 
genome. An interesting feature of these genes is that, in 
most cases, the pigment dilution is accompanied by ab- 
normalities in structure and/or function of other subcellu- 
lar organelles including platelet and kidney lysosomes and 
platelet dense granules. For example, the two SPD mutants 
analyzed in this report, pale ear (ep) and ruby eye (ru), have 
abnormal secretion of lysosomal enzymes from kidney 
proximal tubule cells (Novak and Swank 1979) and, in the 
case of pale ear, from platelets (Novak et al. 1984). Pale 
ear mice also have reduced secretion of lysosomal en- 
zymes from ammonia-treated macrophages (Brown et al. 
1985). These and related facts suggest that the biosynthe- 
sis and/or processing of three separate subcellular or- 
ganelles, melanosomes, lysosomes, and platelet dense gran- 
ules, are related. In the case of several SPD mutants, in- 
cluding pale ear and ruby eye, it has been demonstrated by 
reciprocal bone marrow transplantation that a defect in 
marrow platelet progenitor cells is responsible for the SPD 
and that SPD can be cured by transplantation of normal 
marrow into mutant mice (McGarry et al. 1986). The mu- 
tations remain uncharacterized at the molecular level, al- 
though a recent report suggests that the pallid (pa) muta- 
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Table 1. Loci mapped by RFLP analyses in interspecific backcross mice. 
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Locus 
Gene 
name Name Probe Enzyme 

Fragment size (kb) 
bmepru/bmepru PWK Reference 

1. Hematopoietic insertion site 2 His2 His-2 Pstl 
2. Terminal deoxynucleotidyltransferase Tdt TDT EcoRI 
3. Plasma retinol binding protein 4 Rbp4 pRbp-2 EcoRV 
4. Cytochrome P450 Cyp17 P45017 ~ EcoRI 

17ahydroxylase C17-20 lyase 
5. [3l-Adrenergic receptor Adrb l [3-1 TaqI 

8.1 5.2 Askew et al. 1991 
17.5, 6.5, 4.8, 2.1 20.0, 5.7, 2._2 Lo et al. 1991 
6.4 3.9 Chainani et al. 1991 
9.__44.4 8 18.._9Q, 4.8 Youngblood et al. 1991 

13.0 9.4 Frielle et al. 1987 

t ion  is c a u s e d  b y  an  a l t e r a t i on  in  the  b a n d  4 .2  gene ,  w h i c h  
e n c o d e s  a c y t o s k e l e t a l  p r o t e i n  ( W h i t e  et  al. 1992) .  

T h e  r e c e s s i v e  b r a c h y m o r p h i c  (bm)  g e n e  c a u s e s  ske le -  
ta l  a b n o r m a l i t i e s  i n c l u d i n g  r e d u c e d  ove r a l l  s ize,  r e d u c e d  
l e n g t h  o f  l ong  b o n e s ,  and  s m a l l e r  e p i p h y s e a l  g r o w t h  p la t e s  
( L a n e  and  D i c k i e  1968) .  It  is a lso  a s s o c i a t e d  w i t h  a def i -  
c i e n c y  o f  the  e n z y m e s  A T P  s u l f u r y l a s e  and  A P S  k i n a s e  
( S u g a h a r a  a n d  S c h w a r t z  1982) .  T h e s e  de fec t s  in  t u rn  l ead  
to d e c r e a s e s  in  su l f a t ed  g l y c o s a m i n o g l y c a n s .  In  add i t ion ,  
w e  h a v e  r e c e n t l y  f o u n d  ( S w a n k ,  s u b m i t t e d )  t ha t  the  b m  

g e n e  c a u s e s  p r o l o n g e d  b l e e d i n g ,  t h o u g h  the  c a u s e  is un -  
cer ta in .  

In th is  repor t ,  we  i d e n t i f y  m o l e c u l a r  m a r k e r s  nea r  the  
bin, ep, a n d  ru h e m o r r h a g i c  g e n e s  on  C h r  19. A u s e f u l  ge-  
ne t ic  f ea tu re  o f  t he se  genes  is tha t  they  are r e l a t ive ly  c lose -  
ly l inked ,  ly ing  w i t h i n  10 cM.  T h e s e  s tud ies  lay  the  f o u n -  

d a t i o n  for  the  e v e n t u a l  m o l e c u l a r  i d e n t i f i c a t i o n  o f  t h e s e  
g e n e s  b y  p o s i t i o n a l  c l o n i n g  a n d / o r  c a n d i d a t e  g e n e  ap-  
p r o a c h e s .  

Mater ia l s  and m e t h o d s  

M i c e  

B6C3Fe-bm ep ru/bm ep ru mice were purchased from The Jackson Lab- 
oratory. 

PWK mice originalLed in Czechoslovakia and were obtained from Dr. 
J. Forejt (Forejt and Gregorova 1992). They have subsequently been 
maintained as an inbred strain (23 generations of brother • sister mat- 
ing) by Verne Chapman of Roswell Park Cancer Institute. PWK mice are 
of the Mus musculus musculus species and therefore have a high proba- 
bility for informative polymorphisms when compared with common lab- 
oratory strains. 

B6C3Fe-bm ep ru/bm ep ru females were mated to PWK males. Sub- 
sequently, the backcross + + +~bin ep ru females •  ep ru/bm ep ru 
males was used to produce 457 progeny. At 6-10 weeks, progeny back- 
cross mice were phenotyped for the brachymorphic, pale ear, and ruby 
eye genes and sacrificed. Kidneys, livers, spleens, and brains were re- 
moved and frozen. 

D N A  p r e p a r a t i o n  

DNA was isolated according to the method of Mann and coworkers 
(1986). Modifications were as follows: DNA precipitates were removed 
from the ethanol wash and partially air dried for 2 min to remove excess 
ethanol. They were then redissolved in 1 ml TE (1.0 mM Tris-HC1, 1.0 
mM EDTA) buffer, quantitated by optical density measurements at 260 
nm, and stored at -70~ 

was isolated as described in Sambrook and colleagues (1989), and inserts 
were randomly labeled by random priming with alpha 32p dCTP or dATP 
by use of the Prime-It II random primer labeling kit (Stratagene, La Jol- 
la, Calif.). 

S o u t h e r n  b lo t s  

A panel of common restriction enzymes was used to identify the en- 
zyme(s) which produced informative restriction fragment length poly- 
morphisms (RFLPs) for each probe (Table 1). Five gg of DNA was di- 
gested, and DNA fragments were separated and blotted (Southern 1975) 
as described in Elliott and Berger (1983). Hybridization conditions for 
Adrbl were as described by Oakey and associates (1991). Hybridization 
conditions for Rbp4, His2, Cyp17, and Tdt were as described in Church 
and Gilbert (1984). 

P o l y m e r a s e  cha in  r eac t i on  ( P C R )  

Primer sets for analysis of microsatellites that were likely to be closely 
linked to the genes of interest were purchased from Research Genetics 
(Huntsville, Ala.). They included: D19Mitl,  D19Mit3, D19Mit4, 
D19Mit5, D19Mit7, DI9Mit8,  D19Mit9, D19MitlO, D19Mi t l l ,  
D19Mitl7, D19Mit24, D19Mit27, D19Mit30, and D19Mit38. D19Umil 
is a polymorphic (CA)n repeat that was identified in the region adjacent 
to the transgene insertion in line Tg8052 with defective kidney develop- 
ment (Meisler 1992; Keller et al. manuscript in preparation). DI9Umil 
was amplified with the primers 5' AAA GGC TTT TAA TGT ATG TGT 
GTC A3' and 5' ACC AGG GCA GGT GAG TTG3', which were obtained 
from the University of Michigan Oligonucleotide Synthesis Facility. Mi- 
crosatellite length variations for each marker were established with 
parental DNA prior to analysis of backcross progeny. 

PCR reactions were performed on a PTC-100 MJ Research Inc. (Wa- 
tertown, Mass.) thermocycler with the following modifications to the pro- 
tocol of Dietrich and coworkers (1992). Reactions were performed in 10- 
gl volumes in 96-well microtiter plates in reaction buffer containing 10 
mM Tris-HC1, pH 8.3, 50 mM KC1, and 1.5 mM Mg C12 with 0.4 U Taq 
polymerase (Boehringer Mannheim). dNTPs were at 200 gM, and forward 
and reverse primers were present at 100 riM. To each well, 40 ng of ge- 
nomic DNA was then added. The thermocycling protocol was as follows: 
initial denaturation at 94~ for 5 min, then 39 cycles at 94~ for 1.5 min, 
55~ for 1.5 rain, 72~ for 1.5 rain, and a final elongation step (10 rain 
at 72~ 

Microsatellites that amplified poorly under our standard procedure 
were amplified by a "hotstart" In the "hotstart," the microtiter plate was 
heated at 94~ for 10 rain in the absence of Taq polymerase. The plate 
was then maintained at 85~ and Taq polymerase was added to each well. 
Subsequent steps followed the normal procedure. Markers that amplified 
poorly included D19Mit8, D19Mitll, D19Mit31, and D19Mit38. In the 
cases of D19Mit8, D19Mitll, and D19Mit38, the PCR buffer was changed 
to 20 mM Tris-HC1, pH 8.3, 100 mM KC1, and 3.0 mM MgC12 with 0.8 U 
Taq polymerase. 

PCR products were electrophoresed on nondenaturing 8% poly- 
acrylamide gels in 45 mM Tris-borate, 1.0 mM EDTA, pH 8.3 at 200 v 
for 2 h. Each gel was stained with ethidium bromide, photographed, and 
scored independently by two investigators. 

P r o b e s  

eDNA probes that were known to map in the vicinity of the three genes 
and/or were potential candidate genes are listed (Table 1). Plasmid DNA 

L i n k a g e  a n a l y s i s  

Linkage analyses were performed with an updated version (Map Manager 
v2.5) of RI Manager (Manly 1993). Map Manager v2.5 allows the infer- 
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ence  o f  pheno types  o f  loci w h i c h  lie wi th in  an interval  def ined  by  typed  
loci that  are c losely  l inked and nonrecombinan t .  Orde r  for  loci was  de- 
t e rmined  by  min imiz ing  the n u m b e r  o f  double  r ecombina t i on  events.  
Marke r s  found  in init ial  ana lyses  to be  dis tant ly  l inked to bin, el), and  ru 

were  typed  in a l imi ted n u m b e r  o f  backc ros s  p r o g e n y  ( <  100). 

Results 

Backcross analysis-visual markers 

Four hundred fifty-seven progeny of the interspecific back- 
cross were typed at the brachymorphic, pale ear, and ruby 
eye loci by visual inspection. The map order obtained was 
bm-ep-ru, and distances were 7.9 cM between bm and el) 
and 1.3 cM between el) and ru. No double crossovers were 
observed. 

Molecular markers near the bm, ep, and ru genes 

The complete summary of the backcross and the resulting 
map are presented in Table 2 and Fig. 1. The gene order, 
map distance between adjacent genes, total number of 
mice carrying recombinant chromosomes, total number 
analyzed for each pair of loci, and the 95% confidence in- 
tervals are given in Table 2. 

Several molecular markers mapped within 1 cM of the 
ru gene (Table 2). No recombinants occurred between ru 
and D19Umil among 457 progeny. Three microsatellites, 
D19Mitl 7, D19Mit24, and D19Mit27, were 0.22 cM prox- 
imal to the ru locus, while Cyp17 was 0.22 cM distal to ru. 
The microsatellites D19Mit9, D19MitlO, D19Mit38, and 
D19Mit8 were 1.1 cM distal to ru. 

Other markers were located near the ep gene. D19Mitl l  
was 0.44 cM proximal to ep, while Tdt was 0.87 cM prox- 
imal to ep. The nearest distal markers to ep were the mi- 
crosatellites D19Mitl7, D19Mit24, and D19Mit27, which 
were 1.1 cM distal. 

At the bm locus, the microsatellite D19Mit30 was 4.6 
cM proximal while D19Mit5 was 3.1 cM distal. 

Other cDNA probes, in addition to Cypl7  and Tdt, 
were chosen that were previously mapped in the vicinity 
of the three genes of interest and/or were candidate genes. 
Rbp4 was 2.8 cM proximal to ep while His2 was 4.6 cM 
proximal. Adrbl, while a plausible candidate gene for ep 
or ru, was found to be distantly linked to the SPD genes. 

The map positions of the remaining molecular markers 
typed in this backcross are given in Fig. 1. Adrbl ,  
D 1 9 M i t l ,  D19Mit3 ,  D19Mit4 ,  D19Mit7 ,  D19Mit8 ,  
D19Mit38, D19MitlO, and DlgMit30 were found to be 
relatively distantly linked to the three genes of interest and 
therefore were typed in fewer progeny, as indicated in 
Table 2. 

It is notable that strains PWK and the stock strain 
B6C3Fe show a very high degree of polymorphism for mi- 
crosatellite markers. We tested a total of 23 Mit markers 
(14 of which are listed in Table 2), and all were polymor- 
phic. The mapping of the remaining nine Mit microsatel- 
lites (D19Mit2 ,  D 1 9 M i t l 2 ,  D 1 9 M i t l 4 ,  D 1 9 M i t l 5 ,  
D 1 9 M i t l 6 ,  D19Mi t28 ,  D19Mi t31 ,  D19Mi t40 ,  and 
D19Mit41) was not pursued since they are relatively dis- 
tantly linked to the bm, ep, and ru genes. 

Table 2. Statistical analysis of the segregation of markers. X is the number of re- 
combinams between adjacent loci. N is the number of backcross mice typed. No dou- 
ble crossovers were observed in this analysis in the 21-cM interval between D19Mit30 
and Adrbl. 

Map 
distance 95% Conf. 

Marker X N (cM) interval 

D19Mit30 
20 431 4.64 2.7-6.6 

bm 
14 457 3.06 1.5-4.6 

D 19Mit5 
1 456 0.22 0,0-0.6 

His2 
8 456 1.75 0.5-3.0 

Rbp4 
9 456 1.97 0.7-3.2 

Tdt 
9 457 0.44 0.0-t  .0 

D19Mitll 
2 457 0.44 0.0-1.0 

ep 
5 457 1.09 0.1-2.0 

D19Mit24 
0 457 0.00 0.0-0.7 

D 19Mit27 
0 457 0.00 0.0-0.7 

D19Mitl7 
1 457 0.22 0.0-0.6 

ru 
0 457 0.00 0.0-0.7 

Dl9Umil 
1 457 0.22 0.0-0.6 

Cyp 17 
4 457 0.87 0,0-1.7 

D19 Mit9 
0 148 0.00 0.0-2.0 

D19MitlO 
0 141 0.00 0.0-2.1 

D19Mit38 
0 140 0.00 0,0-2.1 

D]9Mit8 
1 123 0.81 0.0-2.4 

D19Mit4 
0 120 0.00 0.0-2.5 

D19Mit7 
0 116 0.00 0.0-2.6 

D19Mit3 
3 115 2.61 0.0-5.5 

D19Mitl 
1 42 2.38 0.1 - 12.6 

Adrbl 

Discussion 

In this analysis, the chromosomal positions of five ex- 
pressed genes and 15 microsatellite loci, spanning 21 cM, 
have been determined relative to that of the bm, el), and ru 
hemorrhagic genes in an interspecific backcross of 457 
mice. 

Several microsatellites and cDNAs were found to be 
closely linked to the hemorrhagic gene loci and should 
prove useful as entry points for their physical mapping. 
They include D19Umil (no recombinants with ru in 457 
progeny) and D19Mit24, D19Mit27, D19Mitl7, and Cypl7, 
which lie within 0.22 cM of ru. At the 95% confidence in- 
terval, D19Umil lies within 0.65 cM of ru. Another use- 
ful feature of these markers is that they flank the ru gene. 
The ep and ru genes themselves, in fact, are quite close (1.3 
cM). Molecular markers associated with the ep and bm loci 
are somewhat more distant. D19Mit l l  is 0.44 cM proxi- 
mal to ep while D19Mitl7, D19Mit24, and D19Mit27 are 
1.1 cM distal. Microsatellites D19Mit30 and D19Mit5 
flank the bm locus at distances of 4.6 and 3.1 cM, respec- 
tively. 

The map distances between the bm, ep, and ru genes 
(7.9 cM between bm and el) and 1.3 cM between ep and ru) 
and gene order obtained in this backcross agree well with 
available consensus maps [GBASE 1993 and the Chr 19 
committee report (Gu6net and Poirier 1993)]. 

There are significant differences between the map de- 
rived in these experiments and the consensus maps in re- 
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Fig. 1. A molecular genetic linkage map for mouse Chr 19 in the region 
of the bin, el), and ru genes. Map distances between adjacent loci, deter- 
mined in this backcross, are given in cM at left. The centromere is at fig- 
ure top. The portions of Chr 19 between the centromere and D19Mit30 
and distal to A d r b l  are represented by dashed lines. 

gard to the positions of the bin, ep, and ru genes relative 
to those of other molecular markers. This is probably ow- 
ing to the fact that the consensus maps are derived from 
several crosses. Considering cDNA markers, a composite 
map  l is ts  the map  o rde r  f r o m  the c e n t r o m e r e  as 
Tdt-Rbp4-His2-Adrb1-Cyp17 (Gu6net and Poirier 1993) 
wh i l e  our  m a p p i n g  r e s u l t s  are H i s 2 - R b p 4 - T d t -  
Cypl 7-Adrbl. It is likely that the order of loci in the pre- 
sent map is correct since all loci were simultaneously an- 
alyzed in this backcross. 

The order of microsatellite markers obtained are in 
most respects comparable with consensus maps. An ex- 
ception is that we find D19Mit17 maps with D19Mit24 and 

D19Mit27 while GBASE (1993) reports D19Miti7 in a dif- 
ferent order, between D19Mit4 and D19Mitl. Again, it is 
likely the former order is correct since all probes were 
mapped  s imul taneously  in this cross. Also, we find 
D19MitlO is separable from D19Mit4, and D19Mitl  is 
separable from D19Mit7 and D19Mit3, while GBASE 
(1993) reports them as co-mapping. Finally, the orientation 
of microsatellite markers in relation to the centromere is 
in agreement with that recently reported by Eicher and as- 
sociates (1993). 

The fact that our mapping results are, for the most 
part, consistent with existing data for the known mi- 
crosatellite markers used in this study strongly suggests that 
the brachymorphic, ruby-eye, and pale-ear mutations are 
not associated with gross structural rearrangements of Chr 
19 sequences, but rather with minimal changes that do not 
significantly alter meiotic recombination frequencies. 

Adrbl  was a plausible candidate gene for the SPD 
genes in view of the deficiency of platelet dense granule 
amines in the SPD mutants. Similarly, a deficiency in the 
Rbp4 gene might affect pigmentation as observed in the 
SPD mutants. However, these studies eliminate these two 
genes as well as the His2, Tdt, and Cypl 7 genes as candi- 
dates for the bin, ep, and ru genes. No other obvious can- 
didate genes for bm, ep and ru are currently present either 
on mouse Chr 19 or on homologous regions of the human 
genome. 

This study provides a high resolution genetic map for 
the bm-ep-ru region of Chr 19. It provides a linkage map 
for positional cloning and/or the potential evaluation of 
candidate genes for these three genes and other genes in 
this region as they become available. In the case of ru, con- 
siderable progress toward its identification has been made 
in that closely linked proximal and distal flanking molec- 
ular markers have been identified. Isolation of the hemor- 
rhagic genes may permit development of gene therapy in 
the mouse model. Identification of these genes will also in- 
dicate whether the many SPD genes are related at the mo- 
lecular level and thus will provide insights into genes that 
simultaneously regulate the biosynthesis/processing of 
melanosomes, lysosomes, and platelet dense granules. In 
addition, analyses of the mechanisms of action of these 
genes and the eventual correction of defects in human 
SPD may become possible. 
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