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Hermansky-Pudlak syndrome (HPS) is an autoso-
mal recessive disorder characterized by pigment
dilution, nystagmus, decreased visual acuity, a
bleeding diathesis, and lysosomal accumulation of
ceroid lipofuscin. Electron microscopic evidence
demonstrating lack of platelet-dense bodies pro-
vides the sine qua non for diagnosing HPS. Ceroid
lipofuscinosis is considered to cause several serious
complications, including progressive pulmonary fi-
brosis leading to death in the fourth or fifth de-
cades. Currently, only symptomatic treatment can
be offered. Although rare in the general population,
HPS occurs in northwest Puerto Rico with a prev-
alence of 1 in 1800. HPS1, the first gene found to be
responsible for HPS, was mapped to chromosome
10923 and subsequently isolated and sequenced. It
consists of 20 exons encoding a 780-amino acid, 79.3-
kDa peptide with no homology to any known pro-
tein. All 10 HPSI mutations reported to date, in-
cluding the 16-bp duplication found in all northwest
Puerto Rican patients, result in truncated proteins.
The two mutations in the mouse pale ear gene (ep),
which is the murine homology of HPS1, cause sim-
ilarly truncated proteins. The pathologic nature of
these truncation mutations may result from unsta-
ble mRNA. However, in combination with the ab-
sence of any disease-causing missense mutations, it
may indicate that the C-terminus of the HPS1 pep-
tide is functionally important. The disorder HPS
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displays locus heterogeneity, consistent with the
existence of 14 mouse strains manifesting both hy-
popigmentation and a platelet storage pool defi-
ciency. Two mouse models, pearl and mocha, have
mutations in the B3A and & subunits of the adap-
tor-3 complex, respectively. This suggests that de-
fective vesicular trafficking, specifically cargo
packaging, vesicle formation, vesicle docking, or
membrane fusion, may comprise the basic defect in
HPS. Studies of the proteins involved in intercom-
partmental transport for melanosomes, platelet-
dense bodies, and lysosomes should lead to a better
understanding of the mechanisms of organellogen-
esis and to more effective therapies for HPS.
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In 1959, two Czechoslovakian physicians de-
scribed two patients who manifested a constellation
of findings including oculocutaneous albinism and a
platelet-related bleeding diathesis (1). The syn-
drome eventually assumed the physicians’ names
and became recognized as a rare genetic entity de-
fined by the combination of pigment dilution and a
platelet storage pool defect (2,3). It was also charac-
terized by presumably lysosomal accumulation of a
lipid-protein material known as ceroid lipofuscin. In
practical terms, Hermansky-Pudlak syndrome
(HPS) came to be diagnosed by the absence of plate-
let-dense bodies on electron microscopy in a hypo-
pigmented patient with a bleeding diathesis; the

1096-7192/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



86 SHOTELERSUK AND GAHL

demonstration of ceroid lipofuscin is not required.
Although the basic defect in HPS is not known, it is
considered to involve a vesicular membrane shared
by the melanosome, dense body, and lysosome, all of
which are affected in HPS. The discovery of one
HPS-causing gene, i.e., HPS1 (4), and its homologue,
ep, in the mouse model pale ear (5,6), may lead us to
the basic defect, but the function of the HPS1/ep
protein product has not yet been determined. Muta-
tions in genes other than HPS1 undoubtedly result
in the clinical manifestations of HPS (7-9); the var-
ious genes responsible for this disorder may well
contribute to different steps in a common pathway of
intracellular vesicle formation and trafficking. The
present review describes HPS from clinical and mo-
lecular perspectives and promotes this heteroge-
neous disorder as a model for investigations into
vesicular trafficking and organellogenesis.

PREVALENCE

HPS is an autosomal recessive disorder that exists
in a wide variety of ethnic groups (2,3). Over the
past two decades, it has been recognized that HPS
occurs very commonly in northwest Puerto Rico (10},
where it affects approximately 400 individuals and
has a prevalence of 1 in 1800, apparently due to a
founder effect. A Swiss isolate has also been de-
scribed (11,12), and consanguineous patients have
been reported in Japan (4). Approximately 100 non-
Puerto Rican patients are known in the United
States, but this probably represents an underesti-
mate due to a low index of suspicion for this disor-
der, with consequently poor ascertainment.

CLINICAL MANIFESTATIONS

Jinism

In general, the oculocutaneous albinism of HPS is
recognized at birth by the presence of hypopigmen-
tation and horizontal nystagmus. The degree of hy-
popigmentation of the skin, hair, iris, and retinal
fundus varies extensively, even in patients homozy-
gous for the same mutation (12). The skin, when
exposed to intense sunlight, as in Puerto Rico, ac-
quires a typical appearance characterized by nevi,
actinic keratoses, and sun damage (Fig. 1A). Pa-
tients are at risk for basal cell carcinoma and other
dermatologic disorders, including ephelids and len-
tigines (Toro J, Turner M, Gahl WA. Dermatologic
manifestations of HPS in patients with and without

a 16-bp duplication in the HPS gene. Submitted for
publication, 1998). The hair color can range from
dark (7) to completely white (Fig. 1B), but the typi-
cal patient has a tan/blond color which is quite dis-
tinctive (Fig. 1C). An occasional patient reports
darkening of hair color during childhood. Both
Puerto Rican and non-Puerto Rican patients exhibit
a wide range of skin and eye pigmentation (13).

The ophthalmic findings of HPS are also variable
(13—15). Visual acuity in the better eye varies from
20/50 to 20/250, and does not usually change with
age. (Legal blindness in the United States is 20/200
or worse.) Corrective lenses are only occasionally
beneficial to patients. Nystagmus, which occasion-
ally has a rotatory component in HPS, accompanies
the decreased visual acuity. Foveal hypoplasia re-
flects decreased retinal pigment and may be the
cause of photophobia in affected patients. Iris trans-
illumination documents the absence or paucity of
iris pigment. As for other patients with albinism,
individuals with HPS generally manifest decreased
decussation of optic nerve fibers.

Platelet Storage Pool Deficiency

In HPS, a bleeding diathesis results from a plate-
let storage pool deficiency. Although there are nor-
mal numbers of platelets (2), their dense bodies,
which contain ADP, ATP, calcium, and serotonin,
are virtually absent in HPS, and this provides the
sine qua non for diagnosis (16). Dense bodies are
intracellular vesicles which disgorge their contents
upon platelet stimulation, causing platelet aggrega-
tion and clot formation. This secondary aggregation
response is impaired in HPS patients (2,3), who
usually have a prolonged bleeding time despite nor-
mal coagulation factors and a normal or increased
platelet count. In general, HPS patients experience
mild bleeding events, including bruising, epistaxis,
gingival bleeding, prolonged bleeding during men-
struation or after tooth extraction or circumcision,
postpartum hemorrhage, and bleeding colitis. In one
study (13), 20 of 49 HPS patients had major bleeding
events, some of which were life-threatening. Child-
birth can be dangerous, and a variety of traumatic
and surgical events can precipitate exsanguination
in severely affected patients. Just as the degree of
hypopigmentation is not uniform in all patients, the
severity of the bleeding diathesis in HPS varies sub-
stantially.
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FIG. 1. (A) Solar damage in a 34-year old Puerto Rican patient homozygous for the 16-bp duplication in HPS1. (B) White hair of a
3-year old boy homozygous for the 16-bp duplication. (C) Tan/blond hair in a 6-year old girl with HPS, the sister of the boy in Fig. 2A. (D)
Alveolar macrophage from the pulmonary lavage of a Puerto Rican adult with HPS. The arrow points to ceroid lipofuscin. (Courtesy of
Dr. Mark Brantly, National Heart, Lung, and Blood Institute)
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Ceroid Lipofuscinosis

Lysosomal storage of ceroid lipofuscin completes
the triad of findings in HPS. Ceroid lipofuscin (Fig.
1D) is a poorly-defined, granular, electron-dense,
lipid-protein complex (2) which autofluoresces with
a characteristic bright yellow color. In HPS patients
with increased ceroid lipofuscin, dolichols are
present in the urinary sediment (17), suggesting
that these isoprenoids compose at least one compo-
nent of the storage material. The accumulation of
ceroid lipofuscin occurs only sporadically among in-
dividuals with HPS and progresses very gradually
with age even in classic, Puerto Rican patients
(2,17). The tissues of greatest accumulation are the
kidney, bone marrow, spleen, liver, and large intes-
tine, but sloughed urinary epithelial cells also con-
tain ceroid lipofuscin. Moderate amounts have been
found in lung, heart, and lymph nodes, and lesser

nounts scattered in other parenchymal tissues (2).
There exist animal models for studying this storage
material (18).

Several serious complications of HPS are consid-
ered to result from ceroid lipofuscin accumulation.
The most devastating is pulmonary fibrosis (19,20),
which has occurred in HPS patients of several dif-
ferent ethnic groups, including one of the original
Czechoslovakian patients (1), a Japanese male (21),
a Belgian (22), and an English family (23). However,
members of the northwest Puerto Rican isolate of
HPS have a particular susceptibility to this compli-
cation (13). The pulmonary fibrosis usually proves
fatal in the fourth or fifth decade, but affects pa-
tients in an extremely variable fashion. Typically, a
slowly progressive, restrictive lung disease worsens
rapidly in the last few years of life. The time from
first significant pulmonary symptoms to death may
ko as short as 2-3 years, although a more chronic

.urse is the rule.

In addition to pulmonary fibrosis, bleeding gran-
ulomatous colitis resembling Crohn’s disease
(2,24,25) occurs in approximately 15% of patients
(13), and gingivitis, cardiomyopathy, and renal fail-
ure have also been reported (2). The immunologic
function of lymphocytes and neutrophils appears
normal (26).

THERAPY

Although the visual deficits of HPS are irrevers-
ible, a few patients benefit from corrective lenses.
Standard assistance for the visually impaired

should be provided. Bioptic lenses allow some pa-
tients to read more easily and, in rare cases, even to
drive. There is no therapy for the nystagmus. Cloth-
ing and sunscreens offer protection from ultraviolet
light, and surveillance against skin cancer is essen-
tial.

Regarding the platelet storage pool deficiency,
acetylsalicylic acid and aspirin-containing drugs
must be assiduously avoided (2). Some HPS patients
respond to 1-desamino-8-p-arginine vasopressin
(DDAVP) with correction of their bleeding times
(27), but in general the bleeding time does not reflect
the clinical bleeding tendency. DDAVP (0.2 pg/kg IV
in 50 ml of normal saline over 30 min) can be ad-
ministered prophylactically for dental procedures or
elective, minor surgeries. However, platelet and
blood transfusions may be required for acute, sub-
stantial bleeds. Women often benefit from use of
birth control pills to provide regular, controlled men-
strual cycles. Clearly, early recognition of the stor-
age pool deficiency in HFS patients is critical in
preventing unexpected bleeding episodes. A medical
alert bracelet allows for anticipatory treatment in
the case of emergencies.

Therapy of the other complications of HPS is
largely symptomatic. The granulomatous colitis re
sembles Crohn’s disease (24,25). Although steroids
may offer healing and relief, several patients have
required colostomies (13). No effective therapy ex-
ists for the pulmonary fibrosis of HPS, although
high-dose steroids are generally administered in the
terminal stages of the process and oxygen provides
some relief from the pain of dyspnea. Cigarette
smoke and other pulmonary irritants must be reli-
giously avoided, and pneumococcal and yearly influ-
enza vaccinations constitute appropriate prophylac-
tic measures. Moderate exercise should be
encouraged. Older patients with HPS should be ex-
amined regularly for renal glomerular disease, an
uncommon complication.

MOLECULAR ASPECTS

The HPS1 Gene

In 1995, the approach of linkage disequilibrium
was utilized to localize an HPS-causing gene to chro-
mosome 10g23 by two independent groups using
families from northwest Puerto Rico and an isolated
Swiss village (28,29). By positional cloning, the
gene, originally named HPS but called HPS1 in this
review, was subsequently identified; its ¢cDNA se-
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quence revealed an open reading frame of 2100 bp
(4). Recently, the genomic structure of HPSI was
delineated (30). HPS1 consists of 20 exons spanning
approximately 30.5 kb, with two putative trans-
membrane regions. The mouse homologue of HPSI
has an intervening sequence 16 which is a member
of the very rare Ul2-type “AT-AC” class of introns
(31), making HPS1 the first human disease-causing
gene to claim this distinction (6).

A considerable amount of information is available
concerning the HPS1 gene. First, 18 nonpathologic
DNA sequence polymorphisms have been reported
(8,30), four of which result in amino acid substitu-
tions (G283W, P491R, R603Q, and V630I). Seco.id,
four alternative splices have been described (4,30).
The most common, found in nearly half of the HPS
cDNA samples studied, is a splice removing the
99-bp exon 9 and resulting in a protein lacking
amino acids 257289 but retaining an intact carboxy
terminus (30). A different, rare splice in the coding
region adds 43 nucleotides of the donor site of IVS 6,
resulting in a frameshift. Two additional alternative
splices occur in untranslated regions of the HPS1
transcript, with one adding 9 nucleotides in the 5’
untranslated region and the other removing 194
nucleotides from the 3’ untranslated region. Finally,
we know that there are several normal HPS1 gene
transcripts. Minor 3.9- and 4.4-kb mRNAs are ap-
parent on Northern blot analysis, but the standard
transcript is 3.0 kb and is expressed in most tissues
(4). This suggests that the HPS1 gene product may
be a component of the lysosomal membrane, which
exists in most cells, since melanosomes and dense
bodies are present only in melanocytes and plate-
lets, respectively. An additional 1.5-kb transcript
with the same 5’ sequence as the published cDNA
but with a different 3’ sequence has been found in
bone marrow and melanoma cells (32).

The HPSI protein consists of 700 amino acids
whose predicted composite molecular weight is 79.3
kDa (4). The sequence has no homology to any
known protein. The polypeptide contains two pre-
sumed transmembrane domains at residues 79-95
and 369-396, two potential N-linked glycosylation
sites at residues 528 and 560, and a putative mela-
nosomal localization signal, PLL, at the precise car-
boxy terminus of the protein. However, the absence
of this motif in ep, the murine homologue of HPS1
(5,6), raises doubts about its significance. At resi-
dues 433—-440, the HPSI protein contains the se-
quence DKF("/,,)KNRG, which is homologous to the
Chediak Higashi disease (CHD) protein (4,33). CHD

is a multiorganellar disorder similar to HPS with
defective trafficking of secretory lysosomes and a
susceptibility to infections (34). The homology sug-
gests an intracellular location or function shared by
the HPSI and CHD proteins (35).

Mutations in the HPS1 Gene

To date, 10 allelic mutations resulting in 11 dif-
ferent HPS1 genotypes have been reported (Table
1), with two populations displaying a founder effect.
A 16-bp duplication within exon 15 has been found
exclusively in patients from northwest Puerto Rico
(4,7-9,13), and the T322insC mutation appears in
an isolated village in the Swiss Alps (4). Three mu-
tations have been found in different populations.
T322insC, apparently the most common HPS1 gene
mutation among non-Puerto Rican patients, has
been reported in 5 families with Swiss, Italian/Ger-
man/Ukrainian, Irish/German, French, and Scottish
heritage (4,8,9). Haplotype analysis, performed with
the aid of intragenic polymorphisms, indicates that
the T322insC mutation arose at least twice 1n north-
ern Europe (9). A T322delC mutation has been
found in two families of German and Japanese an-
cestry (8,9), and S396delC has appeared in three
families of Ukrainian, Dutch/German, and Irish/En-
glish/French/Norwegian background (8,9). The re-
gion of codons 321-324, and the T322 codon in par-
ticular, appears to be a mutation hot spot (9), and
codon 396 may be another area subject to recurrent
mutation (8,9).

Virtually all HPSI gene mutations discovered in
humans, as well as the two known, frameshift mu-
tations in the pale ear mouse (6), result in a trun-

_cated protein. This suggests that the carboxy termi-

nal portion of the HPS1I polypeptide is critical for
function, an hypothesis supported by the fact that no
missense mutation has yet been reported. Theoreti-
cally, a missense mutation in HPS1 could be lethal
in utero, or could cause a phenotype different from
HPS as we know it. However, the most likely expla-
nation for the large number of polymorphisms found
in HPS1 is that missense mutations result in a
clinically normal phenotype; single base changes
may not cause pathologic alterations in the protein’s
function.

It has been proposed (4) that mutant HPS1 pep-
tides containing the two putative transmembrane
domains (residues 79-95 and 369-396) are particu-
larly damaging because they are incorporated into
target membranes. According to this hypothesis,
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TABLE 1
Mutations in the HPS1 Gene

Codons Altered

No. of TM
Case Ethnicity” Mutations Exons Frameshift? First Stop motifs” Phenotype Ref.
1 Afg/Afg AI55/A155 44 No, No — - 2.9¢ Very mild 9
Ita/Ger/ E133X/T322insC 5,11 No, Yes 133,325 133,452 11 Mild 8
Ukr
3 Jap/Jap IVS5,+5G - > A/ — Splicing — — - Typical 9
IVS5,+5G—=>A
4 Ukr/Ukr (G319delG/S396delC 11,13 Yes, Yes 321,397 330,398 1.2 Typical 9
5 Jap/Jap T322delC/T322delC i 3 Yes, Yes 325,325 330,330 1.1 Severe 9
6 Swi/Swi T322insC/T322insC 1111 Yes, Yes 325,325 452,452 11 Mild 4.9
Iri/Ger Mild 49
Fre/Fre Tvpical 9
7 Dut/Ger T322delC/S396delC 11,13 Yes, Yes 325,397 330,398 1.2 Muld 8
8 Sco/Sco T322insC E666X 11,20 Yes, No 325,666 452,666 1.2 Mild 9
9 Ita/Eng/Iri/ S5396delC/(S396delC)Y 13,13 Yes, Yes 397,397 398,398 2.2 Severe 8,9
Fre/Nor
10 Jap/Jap Add4linsA/A441linsA 13,13 Yes, Yes 442 442 452,452 2:2 Typical 49
' PR/PR 16 bp dup/ 15,15 Yes, Yes 497,497 587,687 2,2 Severe 48
16 bp dup

“ Afg, Afghan; Ita, Italian; Ger, German; Ukr, Ukrainian; Jap, Japanese; Swi, Swiss; Iri, Irish; Fre, French: Dut, Duteh; Sco, Scottish;

Eng, Engiish.

? Number of transmembrane {TM) regions remaining in the predicted, mutant peptide.

“ The carboxy terminus remains intact in this mutation.

¢ This patient has been described as homozygous for the deletion (9), but hemizygosity cannot be ruled out (8).

mutant peptides which do not contain the trans-
membrane regions cannot integrate into mem-
branes, so they cause milder phenotypes. Indeed,
except for one Japanese patient (case 5) who is ho-
mozygous for T322delC, all groups of patients hav-
ing amino acid sequence changes proximal to the
second putative transmembrane domain in at least
one mutant allele (e.g., cases 2, 4, 6, 7, and 8) have
a mild or typical phenotype. In contrast, patient
groups with amino acid changes distal to the second
‘ransmembrane domain (e.g., cases 9, 10, and 11)
_.anifest a typical to severe phenotype. Moreover, an
infant (case 1, Table 1) with one codon deleted from
the HPS1 gene but with an intact carboxy terminus
has a mild phenotype (9).

Caution regarding this proposal remains war-
ranted. First, there are relatively few mutations
available to test the hypothesis. Second, even
though the HPS1 gene product has been proposed
to be a transmembrane protein, no direct evidence
has confirmed this hypothesis. Finally, disease se-
verity must be judged by the overall phenotype,
not simply by the degree of hypopigmentation (13),
and we do not know for certain that this was done
in all cases.

Mutation Detection

For the 16-bp duplication in exon 15 of HPSI,
detection using PCR amplification is straightfor-
ward (4). A mutant product of 285 bp is easily dis-
tinguishable from the normal 269 bp band on a 2%
agarose gel (13). This technique permits both prena-
tal diagnosis and carrier testing for HPS in the
northwest Puerto Rican population. In fact, demon-
stration of homozygosity for the 16-bp duplication
may supplant electron microscopic evidence of ab-
sent platelet-dense bodies as the diagnostic method
of choice for patients of northwest Puerto Rican ex-
traction. Note that HPS patients from other parts of
Puerto Rico may have no HPSI mutation whatso-
ever (7), and molecular diagnosis would not be ap-
propriate for at-risk individuals in this group.

Northern blot analysis can also help point to a
mutation in HPSI. Case 2 in Table 1 had a de-
creased amount of normally sized HPS1 RNA, and
cases 7, 9, and 11 had no HPSI RNA by Northern
blot analysis (8). In fact, every known HPS1 muta-
tion has yielded little or no normally sized mRNA.
Of course, this technique will miss missense and
other mutations, so screening with other methods
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TABLE 2
Murine Models of Pigment Dilution and Platelet Storage Pool Deficiency®

Human Mouse
Pigment mutation chromosome chromosome Comment
1. pallid (pa) 15q11-ter 2 Greatest pigment dilution, lung emphysema, balance defect, enhanced
response to morphine
2. cocoa (coa) 8ql3—q22 3 No lysosomal dysfunction
3. subtle gray (sut) 3q24—q28 3 Mild pigment dilution, intermediate bleeding time, only serotonin
reduced in dense granules, no lysosome dysfunction
4. light ear (le) 4pl6 5 Large melanin granules in choroid, small eumelanin granules in hair
5. cappuccino (cno) ? B Elevated liver lysosomal enzymes
6. reduced pigment (rp) 19q13 K Cutaneous hypopigmentation only, increased anesthetic susceptibility
7. ruby eye-2 (ru-2) 11p15/15q11 7
8. mocha (mh) 12q22—-q24.2 10 Small, sparse melanosomes in hair, hyperactivity, balance defect,
subunit of AP-3 is mutated
9. muted (mu) 6p21-23/5p15 13 Balance defect
10. sandy (sdy) 6p21-23/5p16 13
11. pearl (pe) 5qll—ql4 13 Night blindness, B3A subunit of AP-3 is mutated
12. gunmetal (gm) 14q11.2—q13 14 Cutaneous hypopigmentation only, dense and alpha granule defect,
abnormal expression of GTP-binding protein
13. pale ear (ep) 10q24.1-q25.1 19 Small eumelanin granules of hair, homologue of HPS1
14. ruby eye (ru) 10q24.1—q25.1 19 Reduced number of melanocytes

“ Modified from Swank et al., Ref. (38).

such as single-stranded conformational polymor-
phism (SSCP) analysis should be considered. Intra-
genic linkage analysis can also be useful in certain
informative families.

Evidence for Locus Heterogeneity

It has become apparent that FPS1 is not the only
gene whose mutations result in the disorder HPS.
Only 3 of 18 (8) and 10 of 24 (9 unrelated non-
Puerto Rican HPS families were found by SSCP
and/or heteroduplex analysis to have mutations in
HPS1. Moreover, two individuals from -central
Puerto Rico, whose clinical diagnosis of HPS was
confirmed by electron microscopy showing absent
platelet-dense bodies, had no mutations upon se-
quencing of their entire HPS/ ¢cDNA; they aiso ex-
hibited significant amounts of normally sized HPS1
mRNA on Northern blot analysis (7). This indicates
locus heterogeneity even within the Puerto Rican
population, and the findings of Oh et al. (9) have
supported this concept. Using homozygosity analy-
sis of four consanguineous HPS patients with no
mutations in HPS1, this group reported that three of
the four were heterozygous for polymorphic markers
flanking the HPS1 gene on both sides. These find-
ings suggest that several genes are individually re-
sponsible for the HPS phenotype, which is why we
refer to HPS (4) as HPS1. Clearly, locus heteroge-

neity in humans is consistent with the existence of
several mouse models of HPS manifesting both pig-
ment dilution and a platelet storage pool deficiency.

Animal Models

At least 80 murine mutations have an effect on
mouse coat color (36). Fourteen of these display a
platelet storage pool deficiency and most manifest
lysosomal defects (37,38). Consequently, these mu-
tations serve as models of HPS (Table 2). All are
inherited in an autosomal recessive manner, and

~mapping and complementation studies have docu-

mented that they represent different genes. Some of
the murine mutants, such as pallid (39), are among
the oldest identified mouse pigment phenotypes,
while others, e.g., cappuccino (40), have only re-
cently been described.

Although each mutant murine gene causes a phe-
notype related to HPS, the models are distinct. For
example, gunmetal and reduced pigment have only
cutaneous pigment dilution, while other mutant
strains display oculocutaneous albinism (Table 2).
There exists a rough correlation between the degree
of albinism and the bleeding time in these mice. To
date, three of the fourteen genes have been isolated
and sequenced, i.e., pale ear (5,6), pearl (41), and
mocha (42). Only for pale ear has a specific human
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mutant phenotype (i.e., classical HPS) been de-
scribed, although we know of a human pearl.

The mouse models can help solve the mysteries of
human HPS in a variety of ways. They will assist in
characterizing other human HPS genes by virtue of
the syntenic relationship between murine and hu-
man genomes. Conversely, the mapping of human
HPS genes can help identify genes responsible for
the murine models. The mice can help to delineate
the different phenotypes and natural histories asso-
ciated with the various HPS-causing genes, and al-
low for investigation of the physiologic function of
these genes in intact animals. Finally, the mutant
mice will facilitate development of the most effective
therapeutic interventions for th- pathology of HPS.
For example, bleeding tendencies and abnormally
low platelet-dense granule contents have been cor-
rected in several mouse mutants by bone marrow
‘ransplantation with normal cells, indicating that

.1e defect occurs in marrow platelet progenitor cells.
These findings also suggest that bone marrow trans-
plantation may have a role in the treatment of HPS
patients with severe bleeding problems. Moreover,
the pale ear mutant exhibits pulmonary fibrosis (M.
Brantly, personal communication, March 11, 1998),
making it the first natural animal model with this
manifestation. This mouse may help to determine
whether a particular medication is safe and effective
in preventing or treating the pulmonary fibrosis of

HPS.

Vesicular Trafficking

Various lines of evidence suggest that improper
formation of intracellular vesicles comprises the ba-
sic defect in HPS. First, three distinct organelles in
different cell types, i.e., the melanosome in melano-

vtes, the dense body in platelets, and, most likely,
_ae lysosome in other cells, manifest abnormalities.
Second, those three intracellular organelies share at
least one integral membrane protein. In the platelet,
it is called CD63 or granulophysin (43); in the mela-
nosome, ME491 (44); and in the lysosome, limp-1 or
lamp-3 (45). Finally, two mouse models of HPS,
pearl and mocha, have defects in subunits of a pro-
tein complex responsible for vesicle formation, i.e.,
the B3A (41) and & (42) subunits of the AP-3 com-
plex, respectively (Fig. 2). This provides clear prece-
dent for abnormal vesicular trafficking machinery
resulting in a combination of hypopigmentation and
platelet storage pool deficiency. Incidentally, a Dro-
sophila mutant called garnet also has a mutation in

o B3A
]

- P

FIG. 2. Putative structure of the AP-3 adaptor complex. The
complex consists of four subunits: s-adaptin (160 kDa), B3A-
adaptin (140 kDa), u3A (47 kDa) and o3A (22 kDa). B3A-adaptin
consists of an amino-terminal domain (the core), a hinge region,
and a carboxy-terminal domain (the ear). 83A-adaptin is thought
to be highly phosphorylated (P) at serine residues of its hinge
region; other subunits are not detectably phosphorylated. The
hinge region of B3A-adaptin is also speculated to mediate inter-
actions with scaffold proteins (S). The ear domain of 6-adaptin (R)
may bind regulatory molecules such as dynamin. The p3 chain is
known to interact with tyrosine-based sorting signals (T). Other
AP-3 adaptor complex subunits include 3-NAP, a brain-specific
warinnt of A3A-adaptin, 13B, a hrain-epecific variant of n3A. and
3B, a variant of o3A.

the & subunit of AP-3 and presents with reduced

pigmentation (46).

Protein trafficking and vesicle formation are inti-
mately linked within eukaryotic cells, and the indi-
vidual steps which compose these processes require
a myriad of functional gene products. In pursuing
the basic defect in HPS, it appears appropriate to
examine how intracellular vesicles are formed, with
an eye toward determining which of the requisite
proteins might be dysfunctional in HPS.

- One of the earliest steps in vesicle formation and
protein sorting is cargo packaging. When the cargo
consists of integral membrane proteins, the cyto-
plasmic tails of these proteins, containing tyrosine-,
diphenylalanine-, dileucine-, and dilysine-based
markers, interact with adaptor complexes such as
AP-1 (47). Soluble cargo may need to bind first to an
integral membrane protein (i.e., a membrane recep-
tor) which subsequently binds to an adaptor complex
or to a coatamer such as COPI or COPIL In this
case, the proposed membrane receptor, such as the
Emp24 group or the family of lectin-like proteins,
should recognize targeting motifs shared by cargo
destined for certain locations.

In HPS, the binding of cargo to adaptor complexes
or other membrane receptors may be impaired, be-
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cause those membrane receptors fail to recognize
the cargo. This may be the defect in any of the genes
causing HPS, including HPS1. Having a dileucine
signal, the HPS1 protein could bind directly to AP-3
(probably through the p subunit), since it has been
shown that dileucine-based signals interact with
AP-2 (48). Undeliverad cargo could result in the
failure of melanogenic proteins in premelanosomes
to arrive in melanosomes; this could cause hypopig-
mentation. Similarly, dense bodies may never re-
ceive their proper contents, and thus never become
dense or recognizable or functional.

Another early step in organellogenesis is forma-
tion and budding of transport vesicles. A number of
relatively small molecules, including the small GT-
Pases such as ARFs (ADP-ribosylation factors) (47),
phosphatidylinositides (49), and caveolin (50), facil-
itate and regulate this process, which involves re-
cruitment of cytosolic coat proteins to the donor
membrane. Coat protein complexes provide the
structural components necessary to drive vesicle
budding; they also impart cargo specificity by recog-
nizing and packaging signal-bearing membrane pro-
teins into the emerging vesicle. The first coated ves-
icles to be described were the clathrin-coated
vesicles (51). Adaptor protein (AP) complexes link
the integral membrane cargo or a specific soluble
cargo transmembrane receptor with coat proteins.
Examples of adaptor protein complexes include
AP-1, associated the the trans-Golgi complex, and
AP-2, associated with the plasma membrane.

A third adaptor protein complex has also been
identified. AP-3, like AP-1 and AP-2, is heterotet-
rameric and consists of 8, B3A, u3A, and o 3 sub-
units (46,52-54). It has recently been recognized
that AP-3 also binds clathrin, so this structural pro-
tein probably serves as the scaffold in AP-3-medi-
ated budding processes. Studies in yeast (55) have
suggested that AP-3 functions in cargo-selective pro-
tein transport from the Golgi to the lysosome. Since
the u2 subunit of the AP-2 complex has the ability to
bind a subset of tyrosine-based signals (56), it is
considered that u3 serves the same function in AP-3.
The involvement of mutant B3A and & subunits in
mouse models of HPS marks these proteins as prime
candidates for defects causing the human disorder.
In addition, the p and o subunits may be impaired in
other patients and may be mutated in other mouse
models of HPS. Finally, mutations in any of the
ancillary proteins which prime the donor membrane
for vesicle formation and budding could cause HPS,

but some specificity for affecting melanosomes and
platelet-dense bodies would be required.

The final steps in new vesicle formation are dock-
ing and membrane fusion. In current models, these
processes are mediated by membrane proteins called
v (for vesicle)-SNARESs and t (for target membrane)-
SNARESs (57). A SNARE (SNAP, or soluble N-ethyl-
maleimide-sensitive factor attachment protein, re-
ceptor) is a vesicle trafficking protein whose
hallmark characteristics include small size (15—40
kDa) and a compartment-specific carboxy terminus.
The SNARE amino terminal and central regions
reside in the cytoplasm, and specific binding be-
tween v-SNAREs and t-SNAREs mediates docking.
ATP hydrolysis by N-ethylmaleimide-sensitive fac-
tor (NSF) fixes the membrane in fusion, possibly by
dissociating the SNARE complex (57). Several other
proteins, such as members of the rab and Secl fam-
ilies (58), also contribute to the process of membrane
targeting and fusion. Clearly, selected proteins in
this complex, if mutated, could account for the cell
biological findings characteristic of HPS. Specifi-
cally, dense bodies may never form, melanosomes
may fail to mature past stage II, and ceroid lipofus-
cin may represent the degradation products of
misrouted intracellular membranes.

Since vesicular trafficking occurs in all cells, we
must explain the restriction of clinical manifesta-
tions in HPS to those related to melanocyte and
platelet dystunction. In fact, the vesicular traffick-
ing proteins mutated in HPS may be absolutely re-
quired for normal melanosome and dense body for-
mation, whereas they may perform a redundant
function in cells other than the melanocyte and
platelet. There is precedent for this situation in the
case of X-linked choroideremia, in which choroid and

. retinal depigmentation are the only signs of dys-

function of the rab escort protein-1, i.e., REP-1
(59,60); in other tissues/cells, different proteins can
readily substitute for rep-1i.

Future Pursuits

Several investigations beckon the student of HPS.
In the clinical arena, individuals with different
types of HPS must be extensively described and
followed longitudinally for the various complications
of this disorder, with an eye toward genotype/phe-
notype correlations. Patients with a bleeding diathe-
sis and a tendency toward infections are of special
interest, as they may represent variants in the
gamut of disease between HPS and Chediak-Hi-
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gashi syndrome. The frequency of pulmonary and
gastrointestinal involvement in larger populations
of HPS patients should be determined, and con-
trolled studies of therapeutic agents initiated. Cur-
rently, a randomized, placebo-controlled trial of the
antifibrotic agent pirfenidone (61) is being pursued
at the National Institutes of Health.

Newly diagnosed HPS patients should be tested
for defects in the HPS1 gene. Those lacking such a
mutation are candidates for having HPS due to de-
fects in other genes, such as the AP-3 subunits.
Other possibilities should also be investigated. In
consanguineous families, homozygosity testing can
be performed for polymorphic markers in regions
syntenic to the known locations of murine HPS-
causing genes. The cloning of these mouse genes
themselves can lead to isolation of their human ho-
mologues, which then become candidates for in-
—~olvement in HPS patients. Determining the cell

wlogical function of HPS1 should assume a high
priority. This can be pursued by metabolic labeling
studies and by examining which proteins interact
with the HPS1 gene product using the two-hybrid
veast system of protein interaction (62). The sub-
units of AP-3. in particular. should be investigated.

The rainbow of genes whose mutations result in
HPS should lead to an understanding of the mech-
anisms of melanosomal and platelet-dense body or-
ganellogenesis; no matter what the frequency, each
genetic defect will make its own contribution to the
spectrum.
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