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The dilute (d), leaden (ln), and ashen (ash) mutations provide a
unique model system for studying vesicle transport in mammals.
All three mutations produce a lightened coat color because of
defects in pigment granule transport. In addition, all three muta-
tions are suppressed by the semidominant dilute-suppressor (dsu),
providing genetic evidence that these mutations function in the
same or overlapping transport pathways. Previous studies showed
that d encodes a major vesicle transport motor, myosin-VA, which
is mutated in Griscelli syndrome patients. Here, using positional
cloning and bacterial artificial chromosome rescue, we show that
ash encodes Rab27a. Rab GTPases represent the largest branch of
the p21 Ras superfamily and are recognized as key players in
vesicular transport and organelle dynamics in eukaryotic cells. We
also show that ash mice have platelet defects resulting in increased
bleeding times and a reduction in the number of platelet dense
granules. These defects have not been reported for d and ln mice.
Collectively, our studies identify Rab27a as a critical gene for
organelle-specific protein trafficking in melanocytes and platelets
and suggest that Rab27a functions in both MyoVa dependent and
independent pathways.

More than 50 loci in the mouse have been identified that
affect pigmentation of the coat (1). Three of these loci (d,

ln, and ash) have been grouped together because they have an
identical phenotype: Pigment granule (melanosome) synthesis is
normal in these mice, but melanosome transport is abnormal (2).
In wild-type mice, melanins are synthesized in melanosomes,
specialized organelles derived from the Golgi. The melanosomes
are then transported along the dendrites and exported to neigh-
boring keratinocytes in the hair bulb and subsequently to the hair
shaft (2, 3). In mice homozygous for these three recessive
mutations, the melanosomes are localized mainly in the perinu-
clear region of the melanocyte (3–5) resulting in the uneven
release of pigment into the hair bulb and a lightened coat color.

Genetic evidence suggests that these loci encode proteins that
function in the same or overlapping pathway. For example, mice
homozygous for any double, or the triple, combinations of d, ln,
and ash on the nonagouti background all have the same pheno-
type as mice homozygous for any of the individual mutations
(N.G.C. and N.A.J., unpublished observations). In addition, all
three mutations are suppressed by the semidominant suppressor,
dsu (6, 7). dsu was first recognized by its ability to suppress the
coat color phenotype of d mice and in subsequent experiments
was also shown to partially suppress the coat color phenotype of
ash and ln mice (6). In all cases, the level of suppression could
be correlated with the extent of the restoration of normal
melanosome distribution. dsu has no phenotype on its own, is cell
autonomous (8), and can be seen only in combination with d, ash,
or ln.

In addition to the melanosome transport defect, d null mice
also show a neurological defect, characterized by opisthotonus
and ataxia, which results in the death of the animal 2–3 weeks
after birth. The neurological defect is thought to result from the
failure to transport smooth endoplasmic reticulum (SER) from
the dendritic shaft to the dendritic spines of cerebellar Purkinje

cells (9, 10). The absence of SER in spines probably disrupts
the regulation of intracellular Ca21 and postsynaptic signal
transduction.

A retroviral integration into the d gene in mice carrying the
dilute-viral (dv) allele allowed the cloning of the d gene and the
demonstration that d encodes an unconventional myosin heavy-
chain, myosin Va (MyoVa) (11, 12). MyoVa is expressed at high
levels in nearly all tissues in the adult (12) and has the expected
structure for a member of this family—i.e., a globular head
domain containing the ATP- and actin-binding sites, a ‘‘neck’’
domain, which is the site of calmodulin (or light-chain) binding,
and a tail domain, which is thought to represent the cargo-
binding domain. MyoVa acts as a dimer and moves along actin
filaments in a plus-end-directed manner (13). Human MYOVA
mutations have also been identified and shown to produce
Griscelli syndrome, a rare autosomal recessive disorder charac-
terized by pigment dilution, variable cellular immunodeficiency,
neurological defects, and acute phases of uncontrolled lympho-
cyte and macrophage activation (14).

Yeast two-hybrid studies have shown that the tail domain of
MyoVa can interact with a microtubule-based transport motor,
ubiquitous kinesin heavy chain (KhcU) (15). Considerable bio-
logical and biochemical evidence indicates that long-range trans-
port in animal cells occurs on microtubules, whereas short-range
transport occurs on actin filaments (16). An important question
raised by these studies is how transport along these pathways is
coordinated. The yeast two-hybrid studies suggest that one way
this transport is coordinated is through the direct interaction of
the different motor molecules. These data are consistent with
previous studies, which showed that MyoVa and kinesin both can
bind synaptic vesicles in the rat (17, 18) and that MyoVa is
required for short-range, but not long-range, transport of smooth
endoplasmic reticulum in Purkinje cells (9, 10).

MyoVa has also been shown to bind to a novel RING finger
protein BERP (19). It thus appears that MyoVa transports cargo
as part of a complex involving several different proteins includ-
ing KhcU and BERP. An intriguing possibility is that ash and ln
also encode proteins that function as part of this motor complex.
To determine whether this is the case, we have initiated the
positional cloning of ash and ln. In studies described here, we
present evidence to show that ash encodes Rab27a. Rab proteins
are recognized as key players in vesicular transport and organelle
dynamics in eukaryotic cells.

Abbreviations: MyoVa, myosin-VA; YAC, yeast artificial chromosome; SSLP, simple se-
quence length polymorphism; BAC, bacterial artificial chromosome; HPS, Hermansky Pud-
lak syndrome; CHM, choroideremia.
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Methods
Mice. C3HyHeSn-ashyash and Mus castaneus (CASTyEi) mice
were purchased from The Jackson Laboratory and maintained
and propagated at the National Cancer Institute–Frederick
Cancer Research and Development Center, Frederick, MD.
Mice carrying the d-se deficiency chromosomes 13SaSd,
11FHAFo, 19Zb, 1DTD, 9R250M, 37FBFo, 17Zb, and 10FD-
FoD were obtained from the Oak Ridge National Laboratory,
Oak Ridge, TN.

Genetic and Physical Maps. Genetic and yeast artificial chromo-
some (YAC)-based physical maps of the ash critical region were
generated as described (20). A 129ySv bacterial artificial chro-
mosome (BAC) library (Research Genetics, Huntsville, AL) was
screened with the simple sequence length polymorphism (SSLP)
markers and YAC end probes derived from the ash critical
region. Positive BACs were end sequenced by using SP6 and T7
promoter primers. PCR primer pairs, designed from the BAC
end sequence, were then used to construct a BAC contig of the
ash critical region.

Deficiency Mapping. To further refine the ash critical region, eight
deficiency chromosomes (21, 22) were tested for their ability to
complement ash by crossing mice carrying the deficiencies with
C3HyHeSn-ashyash mice. Three deficiency chromosomes
(13SaSd, 11FHAFo, 19Zb) complemented ash function, and
the remaining five deficiency chromosomes (1DTD, 9R250M,
37FBFo, 17Zb, 10FDFoD) did not. Next, each deficiency chro-
mosome was balanced over a Mus castaneus chromosome, and
DNA from these mice was then analyzed for the presence or
absence of molecular markers that cosegregated with ash in
backcross mice (D9Mit340, 64F2R, D9Mit166, D9Mit341). The
order of the molecular markers in relation to the deficiency
breakpoints and ash was: centromere-(9R250M, 37FBFo, 17Zb,
10FDFoD)-D9Mit340-1DTD-(ash, 64F2R, D9Mit166)-19Zb-
D9Mit341-(13SaSd, 11FHFAFo).

BAC Complementation. Individual BAC DNAs were isolated and
injected into C3HyHeSn-ashyash zygotes as described (23).
Transgenic mice were identified by Southern blot analysis of
genomic DNA isolated from tail biopsies (24) and by coat color.
Founder animals were backcrossed to homozygous ash mice and
their progeny scored for the presence of the BAC transgene and
the ash coat color phenotype.

Cloning of Rab27a cDNA. A mouse Rab27a probe was generated by
reverse transcription–PCR by using primers designed from the
rat sequence (nucleotides 2–25 and 449-426) (25). The mouse
probe was subsequently used to screen a Stratagene mouse
melanocyte cDNA library. The largest cDNA isolated extended
from nucleotide 2185 to 11827.

RNA Isolation and Reverse Transcription–PCR. Total mouse RNA
was isolated from 3- to 4-week-old animals by using STAT-60
RNAzol (Tel-Test, Friendswood, TX). Poly(A) RNA was puri-
fied by using an Ambion Poly(A) Pure isolation kit (Ambion,
Austin, TX). cDNA was synthesized from both poly(A) and total
RNA by using the GIBCOyBRL SUPERSCRIPT Preamplifi-
cation System (GIBCOyBRL). These cDNAs were then ampli-
fied by using mouse Rab27a-specific primers (nucleotides 259–
280 and 449–426) or microphthalmia transcription factor (Mitf )-
specific primers (nucleotides 296–319 and 605–582) as a control.
After 40 cycles of PCR, the reactions were analyzed on a 3%
TAE Metaphor gel (FMC).

Mutation Detection. Genomic DNAs from both the mutant and
wild-type strain of origin were amplified by using Rab27a

primers, which flank the fourth intron (nucleotides 259–280 and
449–426). PCR products were gel purified by using a GeneClean
III kit (BIO 101, Vista, CA) and then subjected to direct DNA
sequencing. In addition, aberrantly spliced Rab27a transcripts
from the mutant strain were cloned and subjected to DNA
sequencing. Sequencing was performed by using the Big Dye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin–
Elmer), and data were acquired on an ABI Model 377 DNA
sequencer (Applied Biosystems).

Hematology. Bleeding times were determined by tail bleeding as
described (26). Platelets were lysed in 1 ml distilled water and
assayed fluorimetrically for serotonin (27). Platelet-rich plasma
was collected from citrated undiluted blood by centrifugation at
150 3 g for 10 min as described (26). Unfixed and unstained
platelets were rapidly air dried on carbon-coated grids before
electron microscopy (28).

Melanocyte Cell Culture. Melanocyte cell lines were isolated from
skin of mutant and wild-type mice as described (29).

Results and Discussion
A Genetic and Physical Map of the ash-Critical Region. To initiate the
positional cloning of ash, we generated 897 (C3HyHeSn-ashy
ash 3 Mus castaneus) 3 C3HyHeSn-ashyash N2 progeny, which
were typed at weaning for ash by visual inspection. Tail DNAs
from the mice were then typed for SSLP markers predicted to
map near ash, defining an ash-critical interval of '0.3 cM or
about 600 kb (Fig. 1a). Coincident with these studies, we also
performed deficiency mapping. ash resides in the dilute (d)-
short-ear (se) complex of mouse chromosome 9, which is defined
by complementation analysis of overlapping deletions (21).
Eight deficiency chromosomes, three that complemented ash
(13SaSd, 11FHAFo, 19Zb) and five that did not (1DTD,
9R250M, 37FBFo, 17Zb, 10FDFoD), were balanced over M.
castaneus chromosomes and analyzed for the presence or ab-
sence of markers used in the mapping cross. The results indicated
that ash resides between the breakpoints of the 19Zb and 1DTD
deficiencies (Fig. 1b). Next, we established a physical map of the
interval. SSLP markers from the ash-critical interval were used
to identify and characterize four YACs from the region (Fig. 1b).
Subsequently, the SSLPs and other markers developed from
the YACs were used to establish a BAC contig for the region
(Fig. 1b).

Identification of an ash Candidate Gene. During the development of
the ash physical map, YAC-end sequencing showed that the
left-end sequence of YAC 165E4 contained a portion of the
coding region of Rab27a (25, 30). Rab proteins form the largest
branch of the Ras superfamily of small GTPases (31). They are
localized to the cytoplasmic face of organelles, and vesicles
involved in the biosyntheticysecretory and endocytic pathways in
eukaryotic cells and have been shown to play an essential role in
the processes that underlie the targeting and fusion of transport
vesicles with their appropriate acceptor membranes. Rab27a was
thus an excellent candidate for ash. To test this candidate gene,
we isolated a full-length 1.3-kb Rab27a cDNA from a wild-type
mouse melanocyte library. Genomic sequence analysis showed
that the putative 221-aa Rab27a protein is encoded by five exons,
similar to the human RAB27A gene (32). These exons are not
altered in the 19Zb-deficiency chromosome but are completely
deleted in the 1DTD deficiency, consistent with the hypothesis
that ash encodes Rab27a (Fig. 1b).

Rab27a Expression Is Altered in ash Mice. Reverse transcription–
PCR analysis of Rab27a expression in wild-type and ash tissues
provided additional evidence that ash encodes Rab27a. Al-
though a single Rab27a transcript was identified in all wild-type
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tissues analyzed, a larger-sized abnormal transcript was detected
in tissues homozygous for ash (Fig. 2a). These results indicated
that ash might be caused by an insertion or splicing defect in the
Rab27a gene.

A Splice Site Mutation in Rab27a in ash Mice. Consistent with these
results, sequence analysis of the Rab27a coding region from
wild-type C3HyHeSn (the strain of origin of the ash mutation)
(33) and ash mice identified a single A-to-T transversion in the

Fig. 1. Meiotic and physical linkage maps of the ash-critical region. (a) A meiotic linkage map showing the positions of SSLP markers (D9Mit followed by a
number) that map within or near the ash-critical region. The centromere is at the top (filled circle). Marker 64F2R is from the URA3 end of YAC 64F2. (b) The
positions of several molecular markers are shown on the chromosome at the top, as are the position of two deficiency breakpoints (19Zb and 1DTD). BACs in
red (S, Sp6 end; T, T7 end), drawn to scale, and YACs in blue (R, URA3 end; C, yeast centromere end), not drawn to scale, are shown below the chromosome. The
URA3 end of YAC 97H2 was chimeric as indicated by the dashed line. The ash-critical region is drawn in orange. The intron and exon structure of Rab27a is shown
at the bottom with the yellow boxes representing sequences that are part of the GTP-binding pocket; the arrowhead indicates the site of the ash mutation, and
the * represents the location of the poly(A) addition site

Fig. 2. The ash mutation results from a defect in Rab27a. (a) Reverse transcription–PCR analysis of Rab27a expression in wild-type and homozygous ash mice.
Mitf was amplified as a control. Note that ash mice express a mutant Rab27a transcript that is not expressed in wild-type mice. Sequence analysis indicates that
this mutant transcript is actually composed of two transcripts, which contain 235 or 252 bp of intron sequence, respectively. Skin-RT, minus reverse transcriptase
control. (b) A mutation in the exon 4 splice donor site of Rab27a in ash mice. Exons 4 and 5 are indicated by open rectangles, whereas intron sequences are shown
in blue. Exon 5 sequences contributing to the GTP-binding pocket are shown in yellow. The location of the A-to-T transversion in the exon 4 splice donor site
(black box) and the stop codon in intron sequence (star) are also indicated. (c) BAC rescue of ash. A partially rescued BAC 514L6 animal is shown on the left,
whereas two completely rescued BAC 133L2 animals are shown on the right.
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third base pair of the splice donor site located downstream of
exon 4 (Figs. 1b and 2b). The mutation leads to the activation of
two cryptic downstream splice donor sites, resulting in the
incorporation of 235 or 252 bp of intron sequence into the
Rab27a message. These two mutant transcripts are presumably
nonfunctional because there is an in-frame stop codon in the
intron sequence, which would lead to the production of trun-
cated proteins lacking two critical domains of the GTP-binding
pocket. Although mutational studies have defined the function
of a number of Rab proteins in lower eukaryotes, to our
knowledge this is the first example of a Rab mutation in
mammals.

Wild-type Rab27a transcripts are also expressed at low levels in
ash mice (Fig. 2a). However, because two (now extinct) remutations
to ash have been identified that are phenotypically identical to the
C3HyHeSn ash allele (34) (N.G.C. and N.A.J., unpublished re-
sults), it appears that these wild-type transcripts are not sufficient
to rescue what is likely to be the null phenotype at the locus.

BAC Rescue. To confirm that Rab27a encodes ash, we performed
BAC rescue. BACs 514L6 and 133L2 overlap by '50 kb and
carry Rab27a in this common region (Fig. 1b). The two BACs
were injected into homozygous ash embryos and the progeny
examined at weaning for coat color and for the presence of the
BAC. Six BAC 514L6-positive animals were obtained and five
showed partial rescue (Fig. 2c Left). Eight BAC 133L2-positive
animals were obtained, and five showed complete rescue (Fig. 2c
Right), whereas two showed partial rescue (data not shown).
These results indicate that both BACs carry the ash gene and
provide confirmation that Rab27a encodes ash. At present, we
do not know why BAC 514L6 preferentially generates partially
rescued animals, although it is important to note that all progeny
generated from these partially rescued founders showed com-
plete rescue.

Platelet Granule Defects in ash Mice. In addition to pigment defects,
ash mice have defects in platelet dense granules. Wet-mount
electron microscopic examination of platelets from mutant and
control mice identified 1.3 1y2 0.2 dense granules per platelet
in ash mice vs. 8.4 1y2 0.5 in C3H controls after looking at .80
platelets (P , 0.001) (Fig. 3). Similar disparities were found for
dense granule constituents such as serotonin (0.2 1y2 0.04
mgy109 platelets in ash mice vs. 2.8 1y2 0.2 mgy109 platelets in
C3H controls). As expected, these platelet defects lead to

increased bleeding times for ash mice (.15 min for ash vs. 1.7
min. for C3H controls; P , 0.001). These results place Rab27a
within a melanocyteyplatelet subfamily of Rab proteins and are
consistent with sequence and expression data, which also indi-
cate that Rab27a and its close relative Rab27b belong to a
melanocyteyplatelet subfamily of Rab proteins (30).

ash Mice Are a Good Hermansky Pudlak Syndrome (HPS) Model. ash
mice have similar organelle defects as those observed in HPS
patients (35). HPS is a rare autosomal recessive disorder char-
acterized by oculocutaneous albinism and platelet storage pool
deficiency. Over time, some HPS patients also develop pulmo-
nary fibrosis and granulomatous colitis, presumably because of
accumulation of undegraded materials in lysosomes of reticu-
loendothelial cells. All of the organelles affected in HPS patients
(and ash mice) maintain acidic interiors and are therefore
considered to be biogenetically related to lysosomes (3, 36). Two
genes have been identified that are mutated in HPS patients, a
79-kDa protein of unknown function and the b3A subunit of the
AP-3 adaptor complex (37, 38). Interestingly, mutant strains of
mice have been identified that carry mutations in both HPS
genes [pale ear (ep) and pearl (pe)] (39–41), establishing a
correspondence between the human and mouse multiorganellar
pigmentation mutants. In view of these results, a screen for
RAB27A mutations in HPS patients would now seem warranted.

Loss of RAB27A Function Is Not the Ultimate Cause of Choroideremia
(CHM). RAB27A is unique among the RABs in that it is selec-
tively unprenylated in cells from patients with CHM, an X-linked
retinal disorder that results from defects in REP1, the enzyme
that attaches geranylgeranyl groups to the C terminus of Rab
proteins (42). The traffic-directing function of Rab proteins
depends on their binding to cell membranes, and this in turn
depends on a 20-carbon geranylgeranyl isoprene unit, which is
attached in thioether linkage to cysteine residues near the C
terminus of the protein. RAB27A is also expressed in two retinal
cell layers that degenerate earliest in CHM patients. This has
lead to speculation that loss of RAB27A function is the ultimate
cause of CHM (43). Our studies, however, do not support this
hypothesis. Although retinal defects have been reported in Rep1
knockout mice, the retinas of ash mice appear normal.

ash Melanocytes Have Normal Dendritic Arbors. Originally, the
lightened coat color of d, ln, and ash mice was thought to result
from a defect in melanocyte morphology. In vivo, it appeared
that melanocytes from these strains lacked the extensive den-
dritic arbor through which these cells normally deliver their
pigment-laden granules to keratinocytes (Fig. 4a). The absence
of this dendritic arbor was thought to cause the melanosomes to
be unevenly released into the hair bulb keratinocytes. In vitro
studies, however, showed that d and ln melanocytes have normal
dendritic arbors and suggested that these mutations result from
melanosome transport defects (44, 45) (e.g., see Fig. 4b). To
determine whether this were also true for ash, we cultured
melanocytes from neonatal C3HyHeSn-ashyash skin. As shown
in Fig. 4c, ash melanocytes also have normal dendritic arbors.

Rab27a Function in Melanocytes. Visualization of melanosome
dynamics within wild-type and d melanocytes indicates that
long-range melanosome transport occurs on microtubules and is
MyoVa independent (46). MyoVa-dependent interactions of
melanosomes with F-actin occur in the periphery where they
prevent melanosomes from returning on microtubules to the cell
center. We do not yet know whether Rab27a is required for the
microtubule-dependent movement of melanosomes, although
the phenotypic similarity of d and ash melanocytes (compare Fig.
4 b and c), including the presence of a limited number of
melanosomes within the dendritic arbor of ash melanocytes, is

Fig. 3. Electron micrographs showing platelet defects in ash mice. Electron
micrographs of instantaneously air-dried and unstained whole platelets from
(a) normal C3HyHeSn and (b) homozygous C3HyHeSn-ash mice. Arrows indi-
cate typical dense granules of a normal platelet. Bar 5 1 mm.
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consistent with the hypothesis that Rab27a functions in the
periphery, perhaps in concert with MyoVa. Support for this
hypothesis has come from studies in yeast. Conditional mutants
of sec4 (analogous to mammalian Rab) and myo2, a yeast
homologue of MyoVa, show similar defects in secretion and
accumulation of post-Golgi vesicles and fail to complete budding
under nonpermissive conditions (47, 48). myo2 sec4 double
mutants are, however, synthetically lethal (49), providing genetic
evidence that these genes function in the same transport pathway.

MyoVa-Independent Functions of Rab27a. The platelet defects we
observed in ash mice have not been reported for d or ln mice. This
result suggests that Rab27a also functions in MyoVa-independent
pathways. Because these mutations all affect the coat, they are
particularly amenable to enhancerysuppressor screens involving
N-ethyl-N9-nitrosourea mutagenesis, which could ultimately lead to
the identification of other members of these different pathways.

Rab27ayMyoVa Complexes? A kinesin-like protein, termed Rabki-
nesin-6, has recently been identified that interacts with the

GTP-bound forms of Rab6 (50). Rabkinesin-6 localizes to the
Golgi apparatus and plays a role in the dynamics of this
organelle. The carboxyl-terminal domain of Rabkinesin-6, which
contains the Rab6-interacting domain, inhibits the effects of
Rab6-GTP on intracellular transport, establishing Rabkinesin-6
as a potential effector of Rab6 function. These studies support
the hypothesis that Rab proteins (or at least some of them) act
in concert with molecular motors to regulate directional mem-
brane transport and dynamics of intracellular organelles. In
future studies, it will be important to determine whether MyoVa
functions as part of a complex with Rab27a.
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