HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

The Hermansky-Pudlak syndrome 1 (HPS1) and HPS2 genes independently

contribute to the production and function of platelet dense granules,
melanosomes, and lysosomes

Lijun Feng, Edward K. Novak, Lisa M. Hartnell, Juan S. Bonifacino, Lucy M. Collinson, and Richard T. Swank

Hermansky-Pudlak syndrome (HPS) is an
inherited hemorrhagic disease affecting
the related subcellular organelles platelet
dense granules, lysosomes, and melano-
somes. The mouse genes for HPS, pale
ear and pearl, orthologous to the human
HPS1 and HPS2 (ADTB3A) genes, encode
a novel protein of unknown function and
the BsA subunit of the AP-3 adaptor com
plex, respectively. To test for in vivo inter-
actions between these genes in the pro-
duction and function of intracellular
organelles, mice doubly homozygous for
the 2 mutant genes were produced by
appropriate breeding. Cooperation be-
tween the 2 genes in melanosome produc-

tion was evident in increased hypopig-
mentation of the coat together with
dramatic quantitative and qualitative alter-
ations of melanosomes of the retinal pig-
ment epithelium and choroid of double
mutant mice. Lysosomal and platelet
dense granule abnormalities, including
hyposecretion of lysosomal enzymes
from kidneys and depression of seroto-
nin concentrations of platelet dense gran-
ules were likewise more severe in double
than single mutants. Also, lysosomal en-
zyme concentrations were significantly
increased in lungs of double mutant mice.
Interaction between the 2 genes was spe-
cific in that effects on organelles were

confined to melanosomes, lysosomes,

and platelet dense granules. Together,
the evidence indicates these 2 HPS genes
function largely independently at the

whole organism level to affect the produc-

tion and function of all 3 organelles. Fur-

ther, the increased lysosomal enzyme lev-
elsin lung of double mutant mice suggest

a cause of a major clinical problem of
HPS, lung fibrosis. Finally, doubly mutant

HPS mice are a useful laboratory model
for analysis of severe HPS phenotypes.
(Blood. 2002;99:1651-1658)
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Introduction

Hermansky-Pudlak syndrome (HPS) is an inherited human dise&seane proteins. The recently describ¢éeS3gené is a novel gene
affecting several intracellular organelles including melanosomexsf,unknown molecular function and is mutated in a group of central
platelet dense granules, and lysosom&abnormalities in these 3 Puerto Rican patients with HPS.
organelles cause hypopigmentation, prolonged bleeding times, andThe corresponding or orthologous mouse models for HPS1 and
in some patients ceroid deposition in several tissues including lundPS2 are the pale €a?and peaff-1® pigment mutants, respec
Associated clinical problems include severe visual deficiencigssely. The phenotypes of the 2 mouse mutants share significant
hemorrhaging requiring repeated platelet transfusions, and fibrdéatures in hypopigmentation, lysosomal secretion abnormalities,
lung disease often leading to premature death in midlife. Ongnd platelet physiology, possibly consistent with action on a
symptomatic treatment is available. common organelle regulatory pathway. On the other hand, the
The syndrome has been described in animal models such asrthgant mice differ somewhat in pigmentation, lysosomal secretion
mouse where at least 15 genetically distinct mutants o&clihe in certain cell types, and in quantity of the contents of platelet dense
disease is likewise genetically heterogeneous in humans whergr@nules Although it is certain that théiPS2 (ADTB3A gene
distinct forms of HPS (HPS1, HPS2, and HPS3) have beaffects vesicle trafficking, and it is highly likely from pheno-
described:?67HPS1 comprises the majority of HPS patients and iypes of pale ear mice and patients with HPS1 that this gene
caused by a mutation in a chromosome 10 gene, which producedo@s likewise, it is less certain whether the 2 genes act
novel 79-kd protein produétThis protein is found predominantly independently or by common pathways. This is especially true
in a cytosolic complex; its function remains unkno®d.Muta- in regard to whole animal phenotypes and patient clinical
tions in the BzA subunit gene ADTB3A of the AP-3 adaptor characteristics. The fact that each mouse model is maintained as
complex produce HPS2Such an alteration is entirely consistena congenic mutant on the C57BL/6J background enables
with the vesicle abnormalities of HPS because the AP-3 complexgsnetically controlled in vivo tests for interaction of these 2
well documenteHto function in the sorting of lysosomal mem important genes. A classical method of testing for interaction of
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genes in mutant mice is to analyze double mutant offspring thidepacrine uptake

contain mutant versions of both gerﬂés. Platelets were incubated with mepacrine and analyzed with a Leitz MPV-2
The pale ear and pearl genes are important not only becausg@frescent microscop.

their critical roles in organelle production, function, and trafficking

but also because they are the corresponding mouse models fq,¢ 1 pin-stimulated platelet secretion

forms of HPS thus far identified in humans, including the most

common form, HPS1. HPS1 is the most common form as a result%fitelletls at l?)cells/mL were washed 2 _times in phosphate-buffered saline

a founder mutation in Puerto Rico. We report that HeS1and contal_nlng 2% bovine serum albumin (BSA). For measurements of

ADTB3Agenes cooperate in independent pathways in the formati rﬁe];itclio\?vi tohf lyzOLSJ?anltherzf%lS?:S(s?g;g;agEfm?(?;tegioﬂgeﬁg)V¥§:e3

function of platelet dense grgnules, melanosomes, and Iysosom%iﬂﬁtes with constant shakirf§. The reaction Wa,s stoppec’J with 2.5

the level of the whole organism. Further, these double mutant migg,,/mL of Thromstop (American Diagnostics, Greenwich, CT).

are experimentally useful in the study of HPS because they exhibit

a particularly severe form of the disease. Urine and tissue collection

To amplify lysosomal enzyme concentrations in kidney and urine, female
mice were treated for 20 days with testosterone. Testosterone greatly

; amplifies both the synthesis and secretion of lysosomal enzymes in kidney
Materials and methods proximal tubule cellg! At days 20 to 24, mice were placed in metabolism
Mice cages at 2 to 4 per cage and urine was collected at 24-hour intervals. After

day 24, mice were killed by anoxia with G@nd tissues were homogenized
Pale earépep) and pearl pe/pe) mutant mice together with control normal gnd stored frozen.

C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor,

ME). Mice were subsequenFIy bred and maintained in the animal fa_ci_litief:snzyme assays

of Roswell Park Cancer Institute. Both pearl and pale ear mutants originally

arose on the C3H inbred strain background and have subsequently bgeglucuronidase anfl-galactosidase were assayed with fluorescent methy-
transferred to and maintained as congenic mutants on the C57BL/6J inbiwtbelliferyl substrate$ Protein was determined with the Bio-Rad protein
strain background. All mice used in these experiments were 2 to agsay system (Bio-Rad Laboratories, Hercules, CA).

months old.

Immunoblotting

Genotyping Fibrinogen and platelet factor 4 (PF4) were measured in platelets and

Foynersse chan escian (PCR)pmers (pPAGTGTGGGRTCGA:  HAA SEeions b Iunonio s it stsen ey
CATTGG-3 and epR: 5AGAAGCCTGCAAGACAGACG-3) derived 109 anos, 90, ‘ . poly
. . antibody to rat PF42 All blots were exposed to film for several different
from GenBank sequence AF004353vere used to amplify the wild-type . . o ;
) o lengths of time to ensure that the density of bands was within the linear

(264-base pair [bp] product) pale ear allele specifically. The pale ear ; - o o -

. range. Equivalent loading and transfer were verified by India ink staining
mutation allele €p) was detected as a 348-bp product produced by the Same ots
epF primer and a primer epR-mu'{BGTGATGCGCCCTAGGCAAT-3) '
derived from GenBank sequences AF004353 and U791T8e above 3

primers were generously provided by Dr Margit Burmeister at thE/€Ctron microscopy

University of Michigan. Eyes from 2 animals per each genetic group were immersion fixed with 4%
PCR primers (23F9: SGAAATGGGGCTGCACATAG-3 and 17R3:  formaldehyde, 2% glutaraldehyde, and 3% sucrose in 100 mM Hepes buffer
5'-GAACCCTCACACAGGACTCG-3) that specifically amplify the 4t b 7.4 for 10 minutes. Eyes were then cut, exposing the internal surface
genomic junction point (678-bp product) in tiee genomic duplicatiol ot the retina to the fixative. After fixation, portions of the eye, including the
were used to detect the pearl allele. However, this test cannot differentigd@ing and the choroid, were further dissected to longitudinal strips posterior
heterozygoupe/- from homozygougpe/pemice. Therefore, microsatellite 1o the ora serrata and anterior to the macula. Tissues were rinsed in buffer
markersD13Mit145and D13Mit159 which are 0.3 cM distal and 0.5 ¢M and treated with 2% reduced osmium tetroxide for 1 hour. Tissues were
proximal, respectively, to theelocus® were used to type polymorphisms rinsed then dehydrated in increasing graded series of ethanol and embedded
between C3H and C57BL/6J backgrounds to confirm the homozygosity af Eponate 12 (Ted Pella, Redding, CA) as in standard processing
the pearl mutation allelg) in double mutants. Primers for amplification techniques for transmission electron microscopy. Cross-sections through
of microsatellite marker®13Mit145andD13Mit159were purchased from the retina and choroid were obtained using a diamond knife and were
Research Genetics (Huntsville, AL). contrasted with solutions of 3% uranyl acetate and lead citrate. Sections
The PCR products of microsatellite markers were separated by 8fere viewed and photographed with a Philips CM-10 transmission electron
polyacrylamide gel electrophoresis and visualized with ethidium bromidgicroscope (Philips Electron Optics, FEI, Hillsboro, Oregon).
Other PCR products were separated by 1% agarose gel electrophoresis ang|atelets were harvested from the peripheral blood of C57BL/6J, pale
visualized with ethidium bromide. ear, pearl, and pale ear/pearl double mutant mice in the presence of sodium
citrate. Platelets were pelleted gently and fixed in 2% paraformaldehyde/
1.5% glutaraldehyde. The pellets were osmicated, stained with tannic acid

Bleeding times and platelet collection and embedded in Epon for ultrathin section electron microscopy.

Tail bleeding times were determined as descritfeBlatelets were har
vested from the peripheral blood of normal and mutant mice in the presence
of sodium citrate'®

Results
Platelet serotonin assays Breeding and pigmentation phenotypes of double mutant mice

Platelets were lysed in 1 mL distilled water and assayed fluorometricalfys the first step in producing double mutant mice, homozygous
for serotonint® pale ear and homozygous pearl mice were mated to obtain F
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(ep/H+, peH) offspring. These Fanimals, of normal black coat and backcrossed to either pale ear or pearl mice, only pale ear or pearl
eye color, were intercrossed, ang Bnimals were typed as phenotypes, respectively, were observed.

homozygous pearlpg/pg, pale ear €p/ep, or double mutants

(ep/ep, pelpeby both coat color and molecular genotyping of th&!trastructure of eye melanosomes

ep or pe mutations. Double mutant pale ear/pearl mice appegle tissues of control C57BI/6J, pale ear, pearl, and double mutant

robust for at least 5 months of age though breeding performanceyt.q \yere subjected to ultrastructural analysis by electron micros-

somewhat erressed. copy. Both quantitative and qualitative morphologic abnormalities
The majority of resultant Fprogeny had black coat and eye. b . S
jority progeny Y€in melanosomes of the retinal pigment epithelium (RPE) and

colors identical to C57BL/6J normal mice. Some exhibited thghoroid were apparent (Figure 2)

same eye (ie, dilute red in newborn and black in adults) and coat In the pearl mouse (Figure 2B), very small numbers of melano-
colors as either pale ear or pearl mice. Adult pale ear mice displgg '

. . S . mes were observed in the RPE. Melanosomes were present in the
hypopigmentation of the ears and tails with no effects on plgmentc ~oroid of pearl mice. but they were reduced in numberesdibited
tion of other body parts (Figure 1). The pearl mutant shows a .p T y . .
eater size heterogeneity as compared with control tissues.

brown-gray coat color on all body parts. In contrast, a third grmﬂ)r Melanized mel | in the RPE cell
of offspring displayed a new phenotype (Figure 1) with strikingly elanized melanosomes were extremely rare in the cells
Ethe pale ear mouse (Figure 2C). Fewer but abnormally large

lighter coat color throughout than either parental single mutant afl .
light red eye color in both newborn and adult animals. ThedBelanosomes (macromelanosomes) were observed in the pale ear

animals were tentatively designated as double mutaegpéep, choroid relative to wild-type. Less pigmented intermediate struc-
pe/pg, a classification subsequently confirmed by PCR genotypifigfes were also observed.
of genomic DNA (not shown). By visual examination, tp/+, In the double mutant mouse (Figure 2D), essentially no
pe/pemouse is not different from the-/+, pe/pemouse in coat Melanized melanosomes were observed in RPE cells, a situation
color; neither is theep/ep, pe+ mouse different from thep/ep, similar to that of the pale ear RPE but different from that of
+/+ mouse (not shown). pearl. Most striking, and in dramatic difference to that observed
Double mutants or those of genotypes/+, pe/peor ep/ep, in either single mutant, was a drastic decrease in number of
peH+ were selected for further breeding. As expected frohoroidal melansomes in the double mutant. Only a very few
mendelian genetics, self-matings of the double mutants produdsdltivesicular pigment granules with irregular boundaries and contain-
the identical distinctive coat and eye color phenotype of the pareiilg aggregates of melasomes of various developmental stages
in all subsequent generations. Also, when double mutants wavere observed.

pale ear;peari

pale ear " C57BL/6J

Figure 1. Coat and eye pigmentations.  Coat and eye pigmentation are severely affected in double mutant pale ear/pearl mice (ep/ep, pe/pe) as compared with normal
(C57BI/6J +/+) and with single mutant pale ear (ep/ep) and pearl (pe/pe) mice.
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Figure 2. The ultrastructure of RPE and choroidal
melanosomes of double mutant mice are severely

- altered. Adult eye tissues from (A) control or wild-type
C57BI/6J (+/+), (B) pearl (pe/pe), (C) pale ear (ep/ep),
and (D) mice doubly mutant for pale ear and pearl genes
(ep/ep, pe/pe) were analyzed by electron microscopy.
The interface between the RPE and choroid (CH) regions
. is indicated by the hyphenated partial line. The RPE is
above the line and the CH is below.

Platelet characteristics observed in patients with HP'SPrevious studie8?4 had docu
. mented relatively high thrombin-stimulated secretion of lysosomal

Four doubl tants had bleeding i than 15 minut %ﬁzymes from platelets of pale ear and low secretion from platelets
our double mutants had bieeding imes more than 1> MiNUteS,@he apy The present analyses (Table 2) of the release of lysosomal
value at least as great as those observed in single mutant p&le

; ) . e S zymes from platelets oép/ep, pe/pe(double mutant) mice
4
or peart* mice. I_t is _technlcally difficult to _determlne if mutant revealed a phenotype similar to that of pearl, that is, low rates of
mice have bleeding times I.on.ger than 15 minutes. Therefqre, (,)t Zeretion, for each of 2 lysosomal enzymgsgglucuronidase and
platelet granule characteristics were assayed to determine if th alactosidase. Double mutant and pearl mice secreted 15% to
presence of both mutant genes caused more severe effects. Pl

. . o of total platelet lysosomal enzymes, after treatment with
serotonin levels are an accurate monitor of the contents of plat: |Iombin, compared to the approximately 45% to 50% secretion
dense granules, which supply several low-molecular-weight comy

d itical f | h tasis. A iously d bserved for both pale ear and normal mice. Abnormalities in basal
pounds cfitical for normal nEemostasis. /s Previously Ocqzsosomal secretion were not apparent for single or double mutants.
mentec?324 platelet serotonin levels are significantly depressed |

both the pale ear and pearl mutants with pale ear having intermedi-

ate levels (Table 1) More notably a particularly severe depressi le 2. Thrombin-stimulated secretion of lysosomal enzymes from platelets
. ' ’ ol normal C57BL/6J and mutant mice

occurs in double mutant platelets to a level only 1% that of

C57BL/6J controls. All mutant platelet serotonins are significantly

Secretion (% total)

different (P < .001), not only from C57BL/6J, but from all other — thrombin 1.6 U thrombin
mutant values. B-Glucuronidase
Most mouse HPS mutants have abnormalities in secretion of th€57BL/6J 5.12 £ 0.94(6) 46.8 £26(3)
contents of platelet lysosomes, and similar abnormalities have beef?e? 403 =1.1(6) 56.7=3.1(6)
pe/pe 410 + 1.1 (6) 15.8 = 1.3 (6)*
ep/ep, pe/pe 3.47 = 0.68 (5) 19.2 + 1.1 (6)*
Table 1. Platelet serotonin concentrations in single and double mutant mice B-Galactosidase
Serotonin (ng/10° platelets) C57BL/6J 4.99 + 0.77 (10) 48.1 + 3.0 (9)
ep/ep 5.47 + 0.96 (10) 52.8 = 3.3 (10)
C57BL/6J 3.31£019(5) pelpe 417 = 0.37 (10) 19.2 + 3.6 (8)*
eplep 0.51 + 0.067 (6) eplep, pe/pe 4.21 + 0.85 (9) 19.6 + 1.9 (10)*
pe/pe 0.12 + 0.012 (6)
ep/ep, pe/pe 0.03 + 0.008 (5) Platelets (1 x 108 cells/mL) were treated with thrombin for 3 min at 37°C. The
reaction was terminated with Thromstop. Values represent the mean = SEM of the
Values represent the mean = SEM of the number of mice in parentheses. All individual determinations on the number of mice indicated in parentheses.

values differ by P = .001. *P = .001.
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Figure 3. Steady-state concentrations and secretion A ¥ + B 2
rates of platelet «-granule components are normal in (_’]L {_&\ \Q \.x
double mutant mice. (A) Fibrinogen concentrations and 'QQJ b\ X
secretion from untreated control (—Th) and thrombin P S P S [\ (' QJQ" Q’\"'
(+Th)-treated platelets of mutant and normal mice. After Q)\Q Q\Q Q\ c}f-;\
treatment of platelets for 3 minutes with buffer or 1.6 . . - 'Q v v

U/mL thrombin, platelets were centrifuged and equivalent C57Bl/6] +/+

proportions of pellets (P) and supernatants (S) were

i i — a— a—
electrophoresed on denaturing gels that were immunoblot- i -
ted with antifibrinogen antibody. (B) Steady-state levels eP/ ep . “ -— e b o=

of PF4 in normal and mutant platelets. Platelet protein
(30 pg) was electrophoresed on denaturing gels and

immunoblotted with antibody to PF4. f !
pe/pe ==

ep/ep,pe/pe . =

Contents of the major platelet subcellular organelle, the dense granules with their typical “bull’'s eye” appeardheere found
granule, were monitored by immunoblotting (Figure 3). Platelét the double mutant mouse platelets (Figure 4D), although these
contents of thex-granule protein fibrinogen were normal in bothstructures were readily apparent in normal mice (Figure 4A) and
single and double mutants (Figure 3A). Likewise, secretion rates@dcasionally observed in pale ear mutants (Figure 4B). Further, consis-
this protein (Figure 3A) were equally robust in normal, single, angnt with the above immunoblotting analyseswairanule components,
double mutant platelets after a 3-minute exposure to thrombifo additional morphologic alterations were apparent in other subcellular
Although levels of a second-granule component, PF4, were toostructures, including granules, in platelets of the double mutant.
low to accurately measure secretion by blotting, it was appare'nt )

. . - h iISsue steady-state lysosomal enzyme levels and secretion of
that steady-state levels (Figure 3B) of this protein were equwalei(ng
. . idney lysosomal enzymes
in normal, single, and double mutant platelets.

Ultrastructural analyses of platelets by electron microscopyleasurements of tissue steady-state levels of lysosomal enzymes
(Figure 4) were consistent with the above findings. Very few, if anyevealed significant and potentially important differences between

Figure 4. Platelets of double mutant mice have nor-
mal ultrastructure, other than a lack of dense gran-
ules. Platelets of normal C57BL/6J (A), pale ear (ep/ep)
(B), pearl (pe/pe) (C), and double mutant (ep/ep, pe/pe)
(D) mice were analyzed by electron microscopy. Dense
granules (arrows) are common in normal platelets, less
so in pale ear and are not apparent in pearl or double
mutant cells. The a granules (arrowheads) are equally
common in both qualitative and quantitative senses in all
platelet genetic types. Bars represent 1 pm.
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the single and double mutants (Table 3). Murine kidney undergoggle 4. Secretion of kidney lysosomal enzymes into urine of normal
significant hypertrophy, increases in lysosomal enzyme levels i@g’;’% /z:')enffc‘;( ep/ep). pearl (pe/pe). and double mutant
proximal tubule cells and hypersecretion of lysosomal enzymes—

from these cells into urine in response to testosterone treafent.

% secreted/d

As previously documente#,both pale ear and pearl testosterone- B-Glucuronidase p-Galactosidase
treated mice have significant? (< .001) increases in kidney C57BL/6J 18.4 = 1.0 135 * 1.0
lysosomal enzyme activity, as compared with normal C57BL/&yep 1.28 2 0.19 1.22+0.18
mice (Table 3).B-Glucuronidase is increased 2-fold in bothPePe 873074 5.19x0.36
0.432 = .088 0.464 = 078

mutants as ig-galactosidase in pale ear, wher@agalactosidase €PeP:PePe
is increased 30% in pearl compared to control C57BL/6J. The urine was collected from 6 testosterone-treated female mice on 6 consecutive
increases of kidney Iysosomal enzymes in double mutant migwys. Values represent the mean + SEM of total kidney lysosomal enzyme units.

were even more pronouncegkGlucuronidase levels were further
elevated 1.6-foldR < .001) over those of either pale ear or pearl,

and p-galactosidase levels were 1.4-fold greaﬂér<(.02) than lysosomal enzymes in either single or double mutants with the
palt_e ear. AItogetheB-qucuro_mdase gnﬁ-galacto&da_sc_e Concen'exceptions of small increases in brapiglucuronidase (26%;
trations of double mutant mice are increased a striking 3.7- apd_ 01) in the double mutant and splerglucuronidase (38%;
2.5-fold, respectively, over that of normal C57BL/6J controls. P < .02) in pear and the double mutant

Large ir_lcreases (2.6-fold f@-glucuronidase and 1.9-fold for The major mechanism for regulation of lysosomal enzyme
B-galactosidasep < .001, compared tq C57BL/6J) were aISQevels in mouse kidney is secretion into uriiet is obvious from
O?Ser"ed for both lysosomal enzymes in lungs ,Of double mut analysis of urine levels (Table 4) that this process is highly
mice (Table 3). In contr_ast, no significant elevation, over normg_tlonormal in double mutants and is responsible for their increased
C57BL/6‘]_ value_s, of either lysosomal enzyme was apparent I{njney lysosomal enzyme levels. Normal C57BL/6J mice secreted
lungs of either single mutant, pearl, or pale ear mice. Increasesal roximately 15% of total kidney lysosomal enzyme levels daily.
lung lysosomal enzymes were not due to testosterone treatmgggretion rates in contrast were about 8%, 40%, and 2.5%
because similar increases were observed in lung lysosomal ﬁB'< .001 for all) of normal rates irep/ep, pe/peand double
zymes of untreated double mutant females (not shown). mutants, respectively. Secretion rates of double mutants were 35%

(P < .02) of that observed irp/epmutants for both enzymes.

There were no significant alterations of liver, brain, or spleen

Table 3. Lysosomal enzyme activities of various organs and platelets of Testosterone-mediated induction of kidney lysosomal enzymes is
F‘";“a' C5ZB'-)’63; single mutant (- ep/ep and pe/pe), and double mutant accompanied by large increases in kidney hypertrophy, and this
ep/ep, pe/pe) mice . . . .
PP, peb _ _ process is accentuated in mutant mice with lysosomal enzyme
B-Glucuronidase (U/g) p-Galactosidase (U/g) - secretion deficitd! Kidney hypertrophy was in fact most pro
Kidney nounced in pearl and in double mutant mice (not shown), consistent
CS7BL/6J (8) 614+ 45 14.8 = .64 with a major secretion defect. Mutant kidney hypertrophy is likely
ep/ep (6) 143.0 = 6.5¢ 272 L1 due in large part to an inability to eliminate by secretion material
+ * + * Loy s
pelpe (7) 1450 =50 192207 engorged within lysosomes.
ep/ep, pe/pe (8) 229.0 = 15.0* 37.6 = 2.8*
Lung
C57BL/6J 473 0.12 3.29 * 0.14 ) )
eplep 520 = 0.26 3.64 + 0.18 Discussion
pe/pe 6.08 = 0.79 3.65 + 0.28
ep/ep, pe/pe 12.2 + 1.2* 6.27 + 0.59* In the mouse, there are at least 15 models for 4PBhe fact that
Liver all these mouse genes for HPS affect the same subcellular
C57BL/6J 254+18 9.02 +0.79 organelles, melanosomes, lysosomes, and platelet dense granules,
ep/ep 21.7+19 10.0 = 0.80 indicates that the biosynthesis/function of these 3 organelles are
pe/pe 23723 11.7+ 058 under multiple genetic regulatory controls. Several of these 15
+ + . . . . . . .
. eplep. pelpe 20008 10.0= 11 genes are involved in vesicle trafficking. These include (1) pallid, a
rain . . . .
C57BL/6) 0.84 + 0.02 313 + 0.11 nhovel 25-IEd p.roteflnltqhatt;[ |nteractT with S)I/ntaxT 2_‘2;%:2) gunm(;tal,
eplep 0.96 + 0.06 288 + 0.06 the « sg unit of Ral geranylgerany transferd®e(3) ashen,
pelpe 0.96 = 0.05 311 = 0.07 Rab27&° (4) mocha, thé subunit of the AP-3 comple¥,and (5)
ep/ep, pelpe 1.06 + 0.03* 288 + 0.14 pearl, theB subunit of the same AP-3 complé¥!>Another gene,
Spleen pale ear, encodes a novel 79-kd cytoplasmic protein of unknown
C57BL/6J 16.0 = 0.77 175+ 1.2 function that is associated with tubulovesicular structures, vesicles,
ep/ep 184 +23 182+25 and nascent melanosomes in melanocifes.is important to
pe/pe 220 + 1.5¢ 193+ 0.84 determine if these genes act by common or independent vesicle
ep/ep, pe/pe 215 =28 200> 14 trafficking pathways. This is especially so for the pale ear and pearl
Platelets genes which are the orthologs of 2 human HPS dehiesluding
C57BL/6J .0516 = .0012 .0693 + .0044
the most common form (HPS1).
eplep .0587 = .0025 .0885 + .0029 A X | advant fth is that iti ible t
pelpe 0491 + 0043 0723 + 0088 n experimental advantage of the mouse is that it is possible to

eplep, pelpe 0501 + 0024 0796 + 0075 test for interaction of recessive genes by producing and analyzing
offspring that are genetically homozygous for both mutant alféles.
Values are the mean = SEM of the number of mice indicated in parentheses (all If the mutations are in a common pathway or within the subunits of
organs). Platelet values are U/10° platelets and are from assays on platelets from 4 . . .
a common protein complex, offspring will resemble one or the

separate mice in each case. - Y
*Significant increase; see text for Pvalues. other parent. If the mutations are in independent pathways, the
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double mutant is expected to exhibit additive or interactive effectates of synthesis of certain lysosomal enzymes sufhgiscuron-
and a new, usually more severe, phenotype occurs. Clearly, tdase more than 100-fofd.
present data for the pale ear and pearl genes support the latteA very interesting lysosomal phenotype of the double mutant, in
possibility for nearly all organelle characteristics tested. Both peadrms of known clinical features of human HPS, is the increase in
and pale ear are maintained as congenic mutations on a comry@osomal enzyme concentrations in lung. A significant fraction of
C57BL/6J inbred background, a fact that greatly simplifies interprpatients with HPS1 die in midlife due to lung abnormalities
tation of new phenotypes because there is no contribution iotluding lung fibrosi$334 Similarly reductions in life span and
differing background genes in the double mutant. Also, thabnormalities of lung structure occur in selected mouse HPS
molecular nature of each mutation predicts that the function of bathutants, including pe&f and pale earAccumulations of lysoso
proteins is essentially completely abrogated in the double mmal ceroid or aging pigment has been postulated as the cause of the
tant1215Thus, there is minimal or no contribution of normal gendung abnormalities® It is possible that increased number or size of
products in double mutant mice to confound interpretations. lysosomes leads to increased fragility of lysosomes followed by
Intercross matings of the pearl and pale ear mutants hawere severe lung abnormalities including death of lung cells.
produced a double mutant mouse with new severe phenotypesAtihough further experiments are required to establish the basis of
platelet dense granules, lysosomes, and melanosomes re-emph#sézhigh lysosomal enzyme concentrations in lung, a reasonable
ing the interrelatedness of these organelles. The platelet effecthgpothesis is that they may derive, as observed for kidney of the
HPS mutations are very selective as they are confined to demgeible mutant, from abnormally low secretion rates. This scenario
granules and lysosomésnd this pattern was maintained in doublés consistent with the fact that secretion of lysosomal contents is an
HPS mutants. The production of more severe granule phenotypesnportant process in lungs. The contents, including pulmonary
especially apparent in the case of platelet dense granules whauegfactant, of lamellar bodies or lysosomes, are regularly secreted
platelet serotonin levels were depressed to only 1% that of nornfiedm type Il cells in delivery of surfactant to the air-liquid interface
platelets. This is the lowest level documented in any mouse HRSlower surface tension in the ludglt is clear that lysosomal
mutant and predicts a very severe platelet storage pool deficiemayzyme secretion is important in a wide variety of physiologic
and bleeding phenotype. Thrombin-stimulated platelet lysosonmbcesses in higher organiss:38-41
enzyme secretion was severely impaired in the double mutant The conclusion that the pale ear and pearl gene products interact
though in this case impairment was equivalent to that of the singledirectly and independently to produce more severe melanosome,
mutant pearl. It remains possible therefore that the pale ear dpsosome, and platelet dense granule phenotypes is consistent with
pearl genes act within a common pathway for this process. Mutasther recent studies at the cell and molecular levels. For example,
effects on platelets are specific to dense granules and lysosontles.intracellular location of the AP-3 complex is not changed in
No effects on contents or rates of secretion of thgranule fibroblasts of patients with HPSbr in normal fibroblasts overex
components, fibrinogen or PF4, were apparent, and ultrastructysedssing a His6-HPS1 fusion protéirSimilarly, the abnormal
examination revealed no obvious abnormalities in organelles othisfficking of the lysosomal membrane proteins CD63 and LAMP1
than platelet dense granules. commonly observed in HPS2 cells is not observed in HPS1
Several lines of evidence support cooperation of the pale diroblasts’ arguing against a role for the HPS1 protein in the AP-3
and pearl genes in the biogenesis of melanosomes. The grdspendent pathway for lysosomal membrane protein trafficking.
pigmentation phenotype of the double mutant is unlike that &inally, immunoprecipitation-recapture experiments failed to show
either single mutant. Double mutant mice are conspicuously maaa association of the HPS1 protein with AP-3.
hypopigmented in both coat and eye color than either single Mice with the new phenotype are viable, breed true, and are by
mutant. The bases of the eye hypopigmentation became apparantecular tests doubly homozygous for both the pearl and pale ear
upon ultrastructural analyses of the retinal pigment epithelium anecessive genes. Doubly mutant HPS mice provide the practical
choroidal melanocytes of the eye. Most notable was the nemdvantage that they accentuate the mutant phenotype. This may
absence of pigmentation of the choroid. It is likely that the cause allow, for example, analysis of abnormalities at a considerably
the pink eye color of the adult double mutant originates in thearlier age than possible in single mutants, which typically require
choroid, because the near absence of RPE melanosomes in palegag to more than 1 year for appearance of HPS abnormalities
and pearl mice nevertheless produces a dark adult eye color. Baeh as abnormal lung manifestatiéhsThe reduced breeding
observed near absence of RPE melanosomes in the p¥élaad performance of the double mutants suggests that the combined
pearf-32mutants is consistent with previous observations by othersutant HPS genes have additional general deleterious physiologic
In agreement with the pigmentation results, the lysosomaffects. This suggestion is consistent with shortened life spans
phenotype of the double mutant is considerably more severe thabiserved with other mouse strains doubly homozygous for other
that of either single mutant. This is apparent in kidney proximalombinations of HPS gené3.
tubule cells where the constitutive secretion of the soluble lysoso- Analyses of double mutants of mouse models for the HPS (pale
mal enzymeg-glucuronidase anfl-galactosidase was reduced tcear) and Chediak-Higashi (beige) genes similarly concluded that
vanishingly low levels and a corresponding hyperincrease these genes acted on independent pigmentation patH@/ilgsy-
kidney hypertrophy and lysosomal enzyme activities occursver, the results of these double mutant experiments clearly differ
Although the physiologic function of secretion of mouse kidnejrom those involving double mutants of 2 other mouse HPS
lysosomal enzymes remains elusive, it is clear that this is a massiwatants, light ear and pale €din the latter case, the phenotypes
procesd! with an accompanying appearance of large numbers of the double mutants were identical to the single mutant parents,
striking multilamellar lysosomes within proximal tubule cellssuggesting that the pale ear and light ear gene products may
together with proteinuria. Proximal tubule cells have the orderetirectly interact in a common path or common protein complex.
subcellular structure of typical secretory cells. The secretion effect Together, these results indicate that the pale ear and pearl genes
is further magnified by testosterone treatment which increases tire functionally interactive at the level of the whole organism in
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related, yet independent pathways to affect the synthesis/functiectly interacting proteins necessary for the synthesis of these

FENG et al

BLOOD, 1 MARCH 2002 - VOLUME 99, NUMBER 5

of specialized mammalian organelles such as melanosomes, lysmecialized mammalian organelles.
somes, and platelet dense granules. The interactive effect of the
double mutant on the morphology and physiology of severat

subcellular organelles is consistent with recent molecular eVidenﬁ‘FknowledgmentS

that other mouse genes for HPS, in addition to pale ear and pearl,
encode genes that regulate vesicle trafficking. It appears likely thide thank Aaron Mammoser and Donna Reddington for excellent
HPS proteins form a physiologic modéfteof directly and indi
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