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Summary

Myosin Vlla functions in the outer retina, and loss of this function causes human blindness in Usher
syndrome type 1B (USH1B). In mice with mutant Myo7a, melanosomes in the retinal pigmented
epithelium (RPE) are distributed abnormally. In this investigation we detected many proteins in RPE
cells that could potentially participate in melanosome transport, but of those tested, only myosin Vlla
and Rab27a were found to be required for normal distribution. Two other expressed proteins,
melanophilin and myosin Va, both of which are required for normal melanosome distribution in
melanocytes, were not required in RPE, despite the association of myosin Va with the RPE
melanosome fraction. Both myosin V1la and myosin Va were immunodetected broadly in sections
of the RPE, overlapping with a region of apical filamentous actin. Some 70-80% of the myosin Vlla
in RPE cells was detected on melanosome membranes by both subcellular fractionation of RPE cells
and quantitative immunoelectron microscopy, consistent with a role for myosin Vlla in melanosome
motility. Time-lapse microscopy of melanosomes in primary cultures of mouse RPE cells
demonstrated that the melanosomes move in a saltatory manner, interrupting slow movements with
short bursts of rapid movement (>1 um/second). In RPE cells from Myo7a-null mice, both the slow
and rapid movements still occurred, except that more melanosomes underwent rapid movements,
and each movement extended approximately five times longer (and further). Hence, our studies
demonstrate the presence of many potential effectors of melanosome motility and localization in the
RPE, with a specific requirement for Rab27a and myosin Vlla, which function by transporting and
constraining melanosomes within a region of filamentous actin. The presence of two distinct
melanosome velocities in both control and Myo7a-null RPE cells suggests the involvement of at least
two motors other than myosin Vlla in melanosome motility, most probably, a microtubule motor and
myosin Va.
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Introduction

Mutations in any one of seven different genes can effect the same type of deafness-blindness
that is characterized by Usher syndrome type 1 (USH1) (Petit, 2001; Mustapha et al., 2002).
Thus, there are seven subtypes of USH1, USH1A through USH1G. USH1B accounts for at
least half of USH1 cases (Astuto et al., 2000). It is caused by mutations in MYO7A, which
encodes the unconventional myosin, myosin Vlla (Weil et al., 1995). Shakerl mice have
mutations in the orthologous gene (Gibson et al., 1995). Although these mice do not undergo
retinal degeneration, several mutant phenotypes are evident in their retinas (Liu et al., 1998;
Liu et al., 1999; Libby and Steel, 2001; Gibbs et al., 2003). One of these is an aberrant
distribution of the melanosomes in the RPE. Melanosomes are absent from the apical region
of mutant RPE in original shakerl mice (Myo7ash?) (Liu et al., 1998).

Melanosome transport and localization has been best studied in the amphibian melanophores
and in mammalian melanocytes. In the latter, melanosomes are localized in the periphery by
a protein complex that links the melanosome to the actin cytoskeleton. Rab27a on the
melanosome membrane binds melanophilin (Slac2-a), which in turn binds the actin-based
motor, myosin Va (Fukuda et al., 2002; Nagashima et al., 2002; Strom et al., 2002; Wu et al.,
2002). Loss of myosin Va, Rab27a, or melanophilin results in dilute phenotypes in mice and
humans (Mercer et al., 1991; Pastural et al., 1997; Wu et al., 1998a; Wilson et al., 2000;
Menasche et al., 2000; Wu et al., 2001; Hume et al., 2001; Matesic et al., 2001; Hume et al.,
2002). Melanophilin is a Rab27 effector and a member of the exophilin family (Matesic et al.,
2001). Myrip (or Slac2-c) is another Rab27 effector, and joins melanophilin and Slac2-b in the
exophilin subgroup of those lacking C2 domains (Fukuda and Kuroda, 2002). Myrip has been
immunodetected in RPE and shown to bind both myosin Vlla and Rab27a in vitro (EI-Amraoui
etal., 2002; Fukuda and Kuroda, 2002). Hence, it has been suggested that the complex, Rab27a-
Myripmyosin Vlla, might localize RPE melanosomes along actin filaments just as Rab27a-
melanophilin-myosin Va localizes melanosomes in the melanocytes (El-Amraoui et al.,
2002). However, Myrip is present in many places where myosin Vlla is not, and, like
melanophilin, can bind actin directly (without needing a myosin) (Fukuda and Kuroda, 2002;
Desnos et al., 2003; Waselle et al., 2003), suggesting that the functions of these proteins are
more complex than offering a simple tripartite parallel between melanocytes and RPE cells.

We have explored the molecular mechanisms underlying the distribution of RPE melanosomes,
and have thus tested elements of the Rab27a-Myrip-myosin Vlla hypothesis. We show the
presence of many different potential components of melanosome motility and localization in
the RPE, suggesting the involvement of more than just these three proteins. Nevertheless, we
found that correct melanosome localization specifically requires Rab27a and myosin Vlla,
which function by transporting and constraining melanosomes within a region of filamentous
actin.

Materials and Methods

Animals

The genetic backgrounds of the following alleles of shakerl mice, Myo7a8165B, Myo7a2658,
Myo07a33365B Myo7a%494SB and Myo7ab, were as described previously (Libby and Steel,
2001). Myo7a%626SB mjce were backcrossed to mice of the C57BL/6 background. The
Myo7a"?, Myo7a’? and Myo7a®’ mice were bred directly from the animals received from The
Jackson Laboratory (and thus maintained on the same genetic background). The Myo7a® mice
were backcrossed twice to mice of the CBA/Ca background and interbred for one to five
generations. Snell’s waltzer (Myo6s¥) mutants and waltzer 2J (Cdh23¥-2J) mutants, both on the
C57BL/6J background, were obtained from The Jackson Laboratory. The shakerl, waltzer and
Snell’s waltzer stocks were maintained using homozygote by heterozygote matings to provide
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both homozygous mutants and heterozygous littermate controls, which were distinguished by
the head-bobbing and circling behavior of homozygotes associated with vestibular dysfunction.

A pair of Ames’ waltzer 3] mice (Pcdh152V-3%/av-3J) on g C57BL/6J background were obtained
from The Jackson Laboratory and used directly for the present experiments.

Three dilute genotypes were bred and analyzed, Myo5ad-/Myo5ad!; Myo5ad/Myo5ad-! and
Myo5ad/Myo5ad, as described previously (Libby et al., 2004). The dilute lethal homozygotes
were identified by progressive hind limb paralysis. They and their littermates were examined
at 20-23 days of age before the health of these homozygotes was seriously affected. Dilute
homozygotes and compound heterozygotes were distinguished by their pinna size, because the
dilute allele was closely linked to the short ear mutation (Bmp5°%€), such that dilute homozygotes
had short ears and compound heterozygotes had normal length ears.

Control (Rab27a*/2s") and mutant (Rabh27a25"/ash) ashen mice were obtained from a single
litter, bred by the Mouse Mutant Resource at the Jackson Laboratory. The mice were on the
C3H/HeSn background, which includes the rd1 mutation. Retinas were obtained from 14-day-
old animals. No photoreceptor outer segments are present in these retinas because of the
initiation of photoreceptor degeneration, however, the RPE remains unaffected by
degeneration at this stage.

Melanophilin mutant mice (Mlph, leaden mice) were obtained from the Mouse Mutant
Resource at The Jackson Laboratory. The mice were on the DW/J background, and carried a
mutation in Pitl (DW/J MIph!" Pit19%/J). All mutant mice were either wild type or
heterozygous for Pit1 (pitl heterozygotes are phenotypically indistinguishable from wild type).
Control mice were from a separate strain of mice (DW.C3-Mlph™ Pit1*/J). This strain was
identical to the mutant strain used, except that the strain contains congenic regions for wild-
type alleles of Mlph and Pitl (donated from strain C3H/HeJ). Mutant mice were 5-7 months
old and control mice were 8 months old.

All mice, except the ashen and leaden mice (which were used directly from Jackson Laboratory
stocks), were maintained on a 12 hour light/12 hour dark cycle, with exposure to 10-50 lux of
fluorescent lighting during the light phase. They were treated according to UK Home Office,
NIH and UCSD animal care guidelines.

Purification of RPE cells

RT-PCR

RPE cells were prepared from mouse or pig eyes, following the procedure essentially as
described previously (Wang et al., 1993). Pig eyes were obtained from a local abattoir. For
further purification, the RPE sheets were laid on top of an 8%—15%-30% Optiprep (Greiner,
FL, USA) step-gradient in CFHE buffer (5.4 mM KCI, 0.4 mM KH3PQOy, 0.8 mM MgSQy,
137 mM NacCl, 0.34 mM NayHPQy, 2.0 mM EDTA, 0.03 mM Phenol Red, 5.5 mM D-glucose,
10 mM Hepes, pH 7.4), centrifuged for 20 minutes at 12,000 g, and collected from the 15%-—
30% interface.

Poly(A)* RNA was isolated from mouse RPE cells or tissue, using the Quickprep Micro mRNA
purification kit (Amersham Biosciences, NJ, USA). For first-strand cDNA synthesis, MRNA
was used as template, using Superscript Il reverse transcriptase (Invitrogen, CA, USA) and
oligo(dT) as primer. PCR was performed using specific primers as described in Table 1. All
reactions were performed in the presence of positive and negative controls.
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Subcellular fractionation of RPE cells

Antibodies

Purified pig RPE cells were suspended in 5 ml CFHE, including protease inhibitors, and snap-
frozen in liquid nitrogen. The thawed suspension was passed 10 times through a 25-gauge
needle. The lysate was centrifuged for 10 minutes at 60 g, and 4°C, to pellet nuclei, unlysed
cells, and other debris. The supernatant was kept on ice while the pellet was washed, and the
supernatants were combined (S1). S1 was centrifuged again and the pellet was combined with
the first one, as P1. S1 was centrifuged for 10 minutes at 2500 g and 4°C, to obtain the
melanosome-enriched pellet, P2. P2 was resuspended in CFHE and laid on a 50% Optiprep/
CFHE cushion for centrifugation at 12,000 g for 20 minutes at 4°C. By light microscopy, the
resulting pellet (GP) consisted almost exclusively of melanosomes and was shown to be devoid
of nuclei after staining with Trypan Blue. The interface (GI) and the rest (GR) of the gradient
were also collected for analysis.

The myosin Vlla polyclonal antibody pAb2.2, was purified by affinity chromatography against
the bacterially expressed antigen (Liu et al., 1997) coupled to an NHS-Sepharose column
(Amersham, CA). Alternatively, pAb2.2 antiserum was purified by repeated depletion against
western blots of retinal tissue from homozygous Myo7a*62658 mice (which are null for
Myo7a). Myosin Va polyclonal antibody DIL2, was used as provided by Dr John Hammer. It
was made against a fusion protein corresponding to amino acids 910-1106 of human myosin
Va, and does not appear to cross react with myosin Vb or V¢ (Wu et al., 1997; Wu et al.,
1998b). The HSP60 monoclonal antibody was obtained from Stressgen (Victoria, Canada).

Western blot analysis of RPE cell fractions

Aliquots of each fraction, originating from the equivalent of 25% of the RPE from one pig eye,
were solubilized in Laemmli sample buffer and loaded on a 10% highly porous sodium dodecyl
sulphate-polyacrylamide gel for electrophoresis (SDS-PAGE) (Doucet and Trifaro, 1988).
Following electrophoresis the intact stacking gel was dried on a Whatman 3MM paper and
photographed to show the distribution of melanosomes. (Melanin remains at the bottom of the
wells and does not enter the stacking gel.) The running gel was transblotted on to immobilon-
P and immunolabeled with myosin Vlla antibody and alkaline phosphatase-conjugated
secondary antibody for staining with nitro blue tetrazolium chloride/5-bromo-4-chloro-3'-
inodylphosphate p-toluidine salt (NBT/BCIP). After photography, the same blot was stripped
for 15 minutesin 0.2 M glycine, pH 2.5, blocked, and immunolabeled with myosin Va antibody.
The amount of antigen in each sample was quantified by densitometry against a twofold
dilution series of the lysate as standards.

Light and electron microscopy

Purified RPE cells and retinas were fixed with 2% glutaraldehyde + 2% paraformaldehyde in
0.1 M cacodylate buffer, pH 7.4, and embedded in Epon 812. Retinas were fixed by either
perfusion of the whole animal or immersion of the eyecup. Semithin sections (0.7 pum, stained
with Toluidine Blue) and ultrathin sections were analyzed by light and electron microscopy,
respectively.

For immunofluorescence microscopy, eyes were fixed in 4% paraformaldehyde in PBS.
Eyecups were cryoprotected in 30% sucrose in PBS overnight at 4°C, and embedded in OCT
compound (Ted Pella, CA, USA). Thick (8 um) cryosections were collected on polylysine-
coated glass slides. Autofluorescence was quenched with 0.1% sodium borohydride in
phosphate-buffered saline (PBS). Sections were incubated with primary antibody overnight at
4°C in blocking solution (2% goat serum, 0.1% Triton X-100 in PBS), and secondary antibody
for 1 hour at room temperature in the dark using the Alexa 594 nm or 488 nm goat anti-rabbit
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IgG (Molecular Probes, OR, USA). Nuclei and F-actin were labeled with DAPI (diluted
1:10,000) and BODIPY FL or TR-X phallacidin (diluted 1:200), respectively (Molecular
Probes, OR, USA). Sections were mounted using Mowiol mountant (Calbiochem, CA, USA).
Images were collected with a BioRad 1024 laser scanning confocal microscope.

For immunoelectron microscopy, eyecups were fixed by immersion in 0.1% glutaraldehyde +
2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4, and processed for embedment in
LR White. Ultrathin sections were etched with saturated sodium periodate (Sigma, St. Louis,
MO, USA), blocked with 4% bovine serum albumin (BSA) in Tris-buffered saline (TBS) for
1 hour, incubated with purified myosin Vlla antibody in TBS + 1% BSA + 1% Tween 20
overnight at 4°C, washed, incubated with goat anti-rabbit 1gG conjugated to 10 nm gold
(Amersham, Arlington Heights, IL, USA) in TBS + 1% BSA + 1% Tween 20 for 1 hour,
postfixed with 2% glutaraldehyde for 20 minutes, washed, and stained with 2% ethanolic uranyl
acetate for 15 minutes and lead citrate for 10 minutes. Negative control sections processed at
the same time included labeled sections from Myo7a#626SB/46265B retinas and sections from
the same retinas that were incubated with 1 mg/ml of the original antigen fusion protein together
with the myosin Vlla antibody.

Primary RPE cell culture

Primary RPE cells were isolated from 10- to 12-day-old Myo7a*/46265B gng
My07a46265B/46265B |jttermates, as described previously (Gibbs et al., 2003; Gibbs and
Williams, 2003). They were plated on to 35-mm plastic dishes and grown for 7 days in
Dulbecco’s modified Eagle’s medium (DMEM), high glucose (Invitrogen, CA, USA),
supplemented with 10% fetal bovine serum, 1% MEM non-essential amino acids (Invitrogen,
CA, USA) and 1% penicillin-streptomycin (Invitrogen, CA, USA). Cells were grown on plastic
rather than filters for clearer phase-contrast and bright-field microscopy.

Time-lapse microscopy of melanosome dynamics

Twenty-four hours prior to observation, primary RPE cells were cultured in fresh growth
medium buffered with 10 mM Hepes and maintained in this medium for the duration of the
experiments. The dynamics of motile melanosomes in living cells were visualized by time-
lapse bright-field microscopy, using a 40x air objective on a Nikon inverted microscope. The
temperature of the RPE cells was measured using a thermocouple placed into the growth
medium and was maintained at 37°C+0.5°C using a hot air source. For each time course, the
cells and microscope were equilibrated at 37°C for 30 minutes prior to observation. Lots of
700 images were captured at 500 millisecond intervals (i.e. total period of 350 seconds) with
a Photometrics Quantix CCD camera (Roper Scientific, AZ, USA). Image acquisition was
controlled using the Metamorph software (Universal Imaging Corp, PA, USA) running on a
Dell Pentium computer.

Quantitative analysis of motile melanosomes

Metamorph image stacks of a time series were imported into the ImageJ software package
(http://rsb.info.nih.gov/ij/). Kymographs measuring the displacement over time of motile
melanosomes in primary RPE cells from Myo7a*/462658 and Myo7a46265B/46265B mjce were
generated using the Multiple Kymograph plugin
(http://www.embl-heidelberg.de/eamnet/ntml/body_kymograph.html), written by J. Rietdorf
(rietdorf@embl.de). Displacement was determined only in two dimensions within the plane of
focus of the objective. Displacement in the z-axis was relatively insignificant because the cells
were relatively flat as a result of growth on plastic. The rare melanosome that did move
excessively in the z-axis disappeared from the image plane and was thus disregarded. The
velocity of moving objects is directly proportional to the gradient of the kymograph trace, and
was measured by calculating the arc tangent from linear regions of the kymograph, representing
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directed motion. A total of 107 motile melanosomes were sampled randomly from each of
Myo7a*/462658 and Myo7a46265B/46265B primary RPE cells from three separate cultures.

Results

Candidate components of melanosome transport in the RPE

The presence of candidate proteins was determined by RT-PCR and western blot analyses of
purified RPE cells. Sheets of RPE were isolated from mouse or pig retinas, and then purified
over Optiprep gradients. RPE cells purified in this manner were determined by light and
electron microscopy to be essentially free of material from other cell types, including outer
segment disk membranes from photoreceptor cells. The cells retained their polarity, with their
apical processes forming a distinct region (Fig. 1). As Fig. 1 also shows, the difference in
melanosome distribution and orientation between control and shakerl RPE is maintained in
these purified sheets.

RT-PCR was performed seven times from different preparations of purified sheets of RPE
cells. Detection was determined to be positive if a signal was evident in at least five out of the
seven trials. Thus, Rab27a, melanophilin, Myrip, myosin Vlla and myosin Va were detected
in the RPE cells but Rab27b was not (Fig. 2A). In a comprehensive test for the presence of all
known members of the exophilin (Rab27 effector) family, exophilins 1 (rabophilin 3a), 4
(Sytl2), 5 (Slac2-b), 6 (Sytl3) and 7 (Sytl1) were also detected, but exophilins 2 (granuphilin,
Sytl4) and 9 (Sylt5) were not (Fig. 2B).

Requirement of proteins for normal melanosome distribution in RPE cells

The RT-PCR results indicated a broad range of potential participants in melanosome motility
and localization. To determine whether or not a given protein was required for melanosome
localization, we examined retinas of mice lacking that protein. These studies were limited by
the availability of mutant mice, so that we were unable to test all RT-PCR positives; but we
were able to include tests for some additional potential participants.

Previously, we had found that melanosomes were absent from the apical processes of RPE in
the original Myo7a mutant (Myo7ash?) (Liu et al., 1998), which has a missense mutation
(Gibsonetal., 1995) and a level of mutant protein that is comparable to that of wild-type protein
in controls (Hasson et al., 1997). We have now examined retinas from homozygous mutants
of all ten known Myo7a alleles, as well as compound heterozygous Myo7a%62658/9) mice,
Melanosomes were similarly mislocalized in all cases. The outer retina of a
My07a?#6265B/46265B moyse, which is an effective null mutant (Hasson et al., 1997; Liu et al.,
1999), is shown together with that of a heterozygous control in Fig. 3A and B. In control retinas,
some melanosomes have entered the apical processes with their long axis parallel to the apical
processes (and the rod outer segments) (Fig. 3A). In the mutants, melanosomes are oriented
more randomly and none are in the apical processes (Fig. 3B). This difference was detectable
as early as 7 days post natum, when the photoreceptor cells are not fully developed, possessing
only the first disk membranes of the outer segment, and the RPE apical membrane is not yet
fully amplified (not shown). As noted above, this difference is also evident in isolated sheets
of RPE cells (Fig. 1).

In vitro protein binding studies have shown linkage among different USH1 proteins, including
myosin VIla, by way of binding to the PDZ domains of harmonin, the USH1C protein (Boeda
etal., 2002; Siemens et al., 2002; Weil et al., 2003). Of particular relevance to retinal function,
double homozygous Cdh23 (USH1D orthologue) and Myo7a mutant mice (~12 months of age)
showed evidence of mild retinal degeneration, which was absent in mice that were homozygous
mutant for either of the genes alone (Lillo et al., 2003). To test for an interaction between
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myosin Vlla and other USH1 proteins with respect to RPE melanosome localization, we
examined the retinas of available mice with mutations in USH1 orthologues. In contrast to the
RPE melanosomes of Myo7a-mutant mice, those in mice homozygous for either the
Pcdh152V-3) (Ames waltzer) or Cdh23"-2) (waltzer) mutant alleles were localized correctly
(Fig. 3D,F). Even in homozygous mutant Cdh23¥-2) mice that were also heterozygous for the
Myo7a%62658 mutation, melanosomes were localized normally in the RPE (Fig. 31). Thus, we
detected no requirement for either the USH1D (CDH23) or USH1F (PCDH15) protein in the
localization of RPE melanosomes, and no indication of an interaction with myosin Vlla in this
function.

Next, we tested whether other unconventional myosins might also participate in the localization
of RPE melanosomes. It has been suggested that there might be some redundancy in retinal
myosin function, which, in varying degrees, might account for the difference in susceptibility
to retinal degeneration as a result of mutant myosin VIla between man and mouse. Myosin Va
is the most obvious candidate to function in RPE melanosome localization for, in addition to
its participation in the localization of melanosomes in melanocytes, it was detected in the RPE
and in association with RPE melanosomes (see below). Another candidate is myosin VI. Like
myosin Vlla, myosin V1 is required for normal hair cell function (Avraham et al., 1995; Ahmed
etal., 2003; Melchionda et al., 2001). Moreover, mice that are homozygous mutant for myosin
VI have compromised retinal physiology, as measured by electroretinograms (ERGs) (own
unpublished observations), similar to mice lacking myosin Vlla (Libby and Steel, 2001) or
myosin Va (Libby etal., 2004). Nevertheless, the distribution of RPE melanosomes was normal
in mice homozygous for the Myo5ad (dilute), Myo5ad-! (dilute lethal) or Myo6s¥ (Snell’s
waltzer) mutations. Even in mice homozygous mutant for Myo5ad-! that were also heterozygous
for Myo7a%6265B melanosomes were localized normally (Fig. 3G).

Last, we examined mice lacking Rab27a (Rab27a@"ash) or melanophilin (MIph!™!"), both of
which were detected in normal RPE (Fig. 2) (mice lacking Myrip were not available). In
Rab27a2s"ash mjce, the RPE melanosomes were mislocalized, just like those of Myo7a-mutant
mice. They were absent from the apical region and oriented more obliquely with respect to the
direction of incoming light (Fig. 4) (Futter et al., 2004). However, melanosomes were
distributed normally in the RPE of MIph!"" mice (Fig. 3J).

None of the mutations examined appeared to affect the number or size of melanosomes. This
observation was confirmed quantitatively for MIph!"I" mice, which had a mean of 8551
melanosomes in each complete dorsoventral section (n=2), compared with a mean of 8877 in
controls (n=2).

Association of myosin Vlla and myosin Va with RPE melanosomes

The presence of myosin Vlla in the apical RPE has been reported previously (Hasson et al.,
1995; ElI-Amraoui et al., 1996; Liu et al., 1997). Myosin Va is more broadly distributed in the
retina, with a particularly high concentration in the photoreceptor synapses (Schlamp and
Williams, 1996), where it is required for normal function (Libby et al., 2004). Here, we have
immunolabeled both myosins in the RPE of serially sectioned mouse retinas and compared
their distribution with that of actin filaments, using confocal microscopy. Myosin V1la occupies
an area of the RPE that extends from the cell nuclei to a region overlapping the apical network
of actin filaments; it does not, however, extend all the way down the apical processes (Fig.
5A). Myosin Va was found to be similarly distributed in the RPE, with a similar region of
overlap with actin filaments (Fig. 5B).

Subcellular fractionation of purified sheets of pig RPE cells was performed to test for
association of these two myosins with melanosomes. In the procedure outlined in Fig. 5C,
melanosomes from lysed cells were collected in S1, and then sedimented in P2. When the
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contents of P2 were layered on top of 50% Optiprep and centrifuged, remaining intact cells
did not enter the Optiprep, while essentially pure melanosomes collected at the bottom of the
tube. Western blots labeled with myosin VIla and myosin Va antibodies showed that both
myosins were distributed similarly among the different fractions (Fig. 5C). From densitometric
scans of the western blots, we determined that 85% of myosin Vlla and myosin Va from S1
was collected in P2. Of that fraction, most was associated with the melanosomes following
centrifugation through the 50% Optiprep. Our data from different experiments indicate that
~80% of the myosin Vlla, and a similar percentage of myosin Va, is associated with RPE
melanosomes. This association appears to be with the melanosomes membrane, and not with
melanin that might be exposed by rupture of the melanosomes membrane. Both myosins
became readily soluble after washing the melanosomes with buffered 1% SDS.

In the first published image of immunoelectron microscopic localization of myosin Vlla in the
RPE, myosin Vlla was shown to be in the apical cytoplasm of human RPE, unassociated with
the melanosomes (Liu et al., 1997). Subsequently, immunolabel was shown on melanosomes
in a small, high magnification image from mouse RPE (EI-Amraoui et al., 2002). Neither of
these studies presented any quantification of label or any further data on RPE localization of
myosin Vlla beyond their single image. Our fractionation experiments indicate that, in pig
RPE, much (80%) of the myosin Vlla is associated with the melanosomes and some (20%) is
not (Fig. 5C). This observation is supported by quantitative immunoelectron microscopy of
mouse retinas. We counted the number of gold particles within 30 nm of the melanosome
membrane (approximately the maximal distance a gold particle could be located from the
antigen, given the size of two IgG molecules) and elsewhere in the RPE cytoplasm (circles and
arrows, respectively, in Fig. 6). As illustrated in Fig. 7A, a mean of 75% of the myosin Vlla
label was associated with melanosome membranes. We also divided the RPE into two regions,
apical or basal to the adherens junctions. A mean of 64% of the label was found in the apical
region (Fig. 7B). Similar ratios were found from immunolabeled human retinas. It is clear from
these data, and the data from RPE subcellular fractionation (Fig. 5C), that myosin Vlla is not
exclusively on or off melanosomes, or exclusively in the apical or basal region. Nevertheless,
these findings are still consistent with the effect of myosin VIla on melanosome distribution
and orientation being a direct consequence of melanosome transport by this motor.

Role of myosin Vlla in the transport of RPE melanosomes

To determine the nature of melanosome transport, we examined the movements of
melanosomes in cultured RPE cells from Myo7a+/46265B and Myo7a#6265B/46265B mjce by
time-lapse microscopy. Static images of the cells by phase-contrast microscopy indicated no
apparent difference in the distribution of melanosomes in these cultured cells (Fig. 8A,B).
Kymograph analysis of time-lapse microscopy of control RPE showed that melanosomes were
either stationary or moved steadily at a slow velocity (mainly in the range of 11-250 nm/
second), interrupted by short bursts of faster velocity (>1 um/second) (Fig. 8C). Melanosomes
in Myo7a-null cells moved in the same manner, except that the individual bursts of faster
movement lasted approximately five times longer (Fig. 8D,E), and more melanosomes were
observed undergoing rapid movements (Fig. 8F). Accordingly, fewer melanosomes were
observed undergoing slower movements in mutant cells, although it is noteworthy that the
slower movements were still present (Fig. 8D,F). This increased matility is clear in movies
constructed from the time-lapse images of control and mutant melanosomes (see Fig. S1, in
supplementary material). A greater fluctuation in the orientation of melanosomes was also
evident in mutant RPE cells. These observations demonstrate that melanosomes do move in
RPE cells, that they have movements of different velocities (suggesting the involvement of
more than one motor protein — in addition to myosin VIla), and that the role of myosin Vlla
appears to be to constrain the melanosomes from excessive rapid movement.
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Discussion

Our results demonstrate the presence of many potential effectors of melanosome motility and
localization in the RPE, with a possible role for myosin Va, and a specific requirement for
Rab27a and myosin Vlla. The majority (70-80%) of myosin Vlla in the RPE was found to be
associated with the membrane of melanosomes, consistent with a role in melanosome transport.
Time-lapse microscopy of cultured RPE cells showed that the motility of melanosomes was
far greater in the absence of myosin Vlla. Fluorescence microscopy of RPE double-labeled
with antibodies and phalloidin shows that the apical distribution of myosin VIla and myaosin
Va overlaps with the apical actin filament network. It is this region of overlap from which
melanosomes are absent in Rab27a- and Myo7a-null RPE. Our analysis is consistent with
Rab27a and myosin Vlla transporting and capturing melanosomes in this region of the RPE
actin network.

Melanosomes in teleost and amphibian RPE undergo quite large movements in response to
changes in ambient lighting to effect a light-dark adaptive mechanism (Back et al., 1965;
Burnside, 2001). Such changes do not occur in mammalian RPE. Indeed, there have been only
a few indications that melanosomes in mammalian RPE move at all. One is implied from the
mislocalization of melanosomes in the RPE of Myo7a-mutant mice (Liu et al., 1998) (and the
present study). Another, more definitively, comes from a detailed analysis of melanosome
distribution with respect to time of day in mouse RPE. A small, but significant displacement
of melanosomes was detected during the first hours after the lights went on (Futter et al.,
2004). Here, by live-cell imaging, we have observed that melanosomes do move in mouse RPE
cells (especially in the absence of myosin Vl1la).

A role for myosin Vlla in tethering melanosomes compares to its proposed role in inner ear
sensory hair cells, where it appears to function in tethering the cell membrane to the actin
cytoskeleton of stereocilia (Kros et al., 2002). Moreover, the finding that myosin Vlla is
required to constrain the motility and orientation of RPE melanosomes makes the comparison
between myosin Vlla in RPE and myosin Va in melanocytes and melanophores quite striking.
In melanocytes, the role of myosin Va is to ‘capture’ melanosomes from dendritic microtubules
in the periphery of the cell (Wu et al., 1998a). Melanosomes are transported to the periphery
by a microtubule motor, at a similar velocity to the rapid movements we measured for RPE
melanosomes. In the absence of myosin Va, they are not retained in the periphery and travel
back to the cell body (Wu et al., 1998a; Wu et al., 1998b; Wu and Hammer, 2000). In
Xenopus melanophores, myosin Va has been implicated in promoting the cyclic AMP-sensitive
dispersal of melanosomes by acting as a molecular ratchet, increasing the relative contribution
of kinesin I1-mediated movement over that of cytoplasmic dyenin (Rodionov et al., 1998;
Rogers and Gelfand, 1998; Gross et al., 2002).

The movement of RPE melanosomes occurred with at least two distinct velocities, indicating
the participation of at least two motor proteins. The measured velocities were of a similar range
in control and Myo7a-null RPE, indicating that these motor proteins are in addition to myosin
VIla; although slower movements were less evident in the mutant cells, some were still
detected. A possible hypothesis is that the more rapid movements (>1 um/second) are effected
by a microtubule motor. Similar to the role of myosin Va in melanocytes (above), myosin Vlla
may take delivery of a melanosome from a microtubule motor, and thus normally restrict faster
microtubule-based movement. Myosin Va is likely to be involved in the slower movements
(11-250 nm/seconds) of melanosomes seen in both control and Myo7a-null cells. We found
that myosin Va is not required for the correct localization of RPE melanosomes, however, it
was enriched in the subcellular fraction containing melanosomes, suggesting a role in
melanosome transport, even though it is not essential for the localization of the melanosomes.
The movements of melanosomes in teleost RPE in response to lighting changes requires an
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intact actin cytoskeleton (King-Smith et al., 1997), and the melanosomes have been shown
recently, in elegant motility studies, to contain a plus-end directed myosin(s) (McNeil et al.,
2004). Interestingly, however, light-dependent movements of melanosomes still occur in the
RPE of mariner zebrafish (Perkins et al., 2004), which lack myosin Vlla (Ernest et al., 2000),
indicating that myosin Vlla is not required for these movements. We suggest that myosin Va
is a more likely candidate for light-dependent movements.

Myosin VIlamay also participate in the slower movements since relatively fewer melanosomes
moved at these velocities in Myo7a-null RPE. In vitro, myosin Vlla was found to move along
actin filaments at around 200 nm/second (Udovichenko et al., 2002; Inoue and Ikebe, 2003).
Of course, the reduction in slower movements could be simply a result of the identification of
more melanosomes moving at the fast velocity. However, we have never observed even a single
melanosome in an apical process of a Myo7a-mutant RPE, suggesting that myosin Vlla is
responsible for transporting melanosomes into this region. If it were only responsible for
tethering melanosomes, we would expect, at least occasionally, to observe a melanosome in
an apical process of a Myo7a-mutant RPE. Hence, myosin Vlla appears to move melanosomes
in addition to tethering them.

With the finding that Myrip binds both myosin Vlla and Rab27a (EI-Amraoui et al., 2002;
Fukuda and Kuroda, 2002), together with the mislocalized melanosomes in shakerl RPE (Liu
et al., 1998), it has been suggested that a Rab27a-Myripmyosin Vlla complex might localize
RPE melanosomes just as a Rab27a-melanophilin-myosin Va complex is responsible for the
peripheral localization of melanosomes in melanocytes (EI-Amraoui et al., 2002). Our results
support this hypothesis. The finding of the same melanosome phenotype in the RPE of
Rab27a-mutant mice as in the RPE of Myo7a-mutant mice demonstrates the requirement of
Rab27a as well as myosin Vlla. This observation has now also been described by another group
(Futter et al., 2004). Hence, Rab27a regulation of melanosome localization is conserved
between melanocytes and the RPE, yet different myosins are used to tether these organelles in
the different cells.

It is not known at present whether Myrip is an obligate member of the localization complex in
RPE, as melanophilin is in melanocytes (Provance et al., 2002; Hume et al., 2002). Many
different exophilins, which might link myosins to Rab27a on the melanosome membrane, were
detected in the RPE — including melanophilin. What seems likely is that the combined tasks
of transporting and tethering melanosomes in the RPE may involve many different proteins.
Further analysis of melanosome maotility is needed to dissect the different functions of the
various motors and linkers.

The last point for discussion concerns the requirement of myosin VIla to maintain vision. As
we have discussed previously, it seems unlikely that a mislocalization of RPE melanosomes
per se would lead to the photoreceptor degeneration found in Usher 1B patients. A delay in
transporting and degrading phagosomes appears to be a more serious RPE defect, caused by
the loss of myosin Vlla (Gibbs et al., 2003). However, the present study shows that
melanosomes are not only misplaced, but are more highly mobile in the absence of myaosin
Vlla. Melanosomes ‘on the loose’ may have deleterious consequences for the health of the
RPE cells, and thus, in turn, contribute to photoreceptor degeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Light micrographs of purified sheets of RPE cells from (A) shaker1 control (Myo7a*/46265B)
and (B) shaker1 mutant (Myo7a%6265B/462658) mouyse retinas. Apical processes are evident as
lightly stained region below the cell bodies (indicated by square brackets). In the control RPE,
melanosomes are present in the apical processes, whereas the apical processes of the mutant
RPE are devoid of melanosomes. Bar, 10 pum.
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Fig. 2.

RT-PCR of purified mouse RPE cells. (A) Representative RT-PCR of mRNA expression of
Rab27a, Rab27b, Melanophilin (Mlph), Myrip, Myo7a and Myo5a in purified mouse RPE cells,
retina and cerebellum. Control, PCR reaction without added DNA. The position of DNA size-
standards in bp is given at the left. (B) Representative RT-PCR of mRNA expression of
different exophilins in purified mouse RPE cells, retina and cerebellum. 1, Exophilin 1-
Rabphilin 3a; 2, Exophilin2-Granuphilin-Sytl4; 3, Exophilin3-Melanophilin-Slac2-a; 4,
Exophilin4-Sytl2; 5, Exophilin5-Slac2-b, 6, Exophilin6-Sytl3; 7, Exophilin7-Sytl1; 8,
Exophilin8-Myrip-Slac2-c; 9, Exophilin9-Sylt5. Control, PCR reaction without added DNA.
The position of DNA size-standards in bp is given at the left.
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Fig. 3.

Light micrographs of semithin sections of the RPE and outer segments from mice that were
(A) shakerl control (Myo7a*/46265B) (B) shakerl mutant (Myo7a46265B/46265B) (C) dilute
lethal (MyoSad-Vd-!y (D) Ames’ waltzer (Pcdh152V-3/av-3J) (E) Snell’s waltzer (Myo6SV/sY),
(F) waltzer (Cdh23"-23V-2) (G) dilute lethal (Myo5ad-/d-l) plus shakerl heterozygote
(Myo7a+/46265B) (H) Snell’s waltzer (Myo65/%V) plus shakerl heterozygote (Myo7a*/46265B)
and (1) waltzer (Cdh23v-2JV-23y plus shaker1 heterozygote (Myo7a*/462658) Genotypes are
indicated on each panel. All images are the same magnification (bar, 10 pm).
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Fig. 4.

Light (A,B) and electron (C,D) micrographs of the RPE from ashen mice. (A,C) Control
(Rab27a*/ash) (B,D) mutant (Rab27a2s"ash)_ The mice were on the C3H/HeSn background,
which includes the rd1 mutation. Retinas were obtained from 14-day-old animals. No
photoreceptor outer segments are evident owing to the initiation of photoreceptor degeneration,
however, at this stage, the RPE remains unaffected by the degeneration. Arrows in A and B
indicate the apical region of the RPE, which is completely devoid of melanosomes in the
mutant. Arrows in C indicate melanosomes partially contained within the apical processes.
Arrow in D indicates the apical processes, with melanosomes some distance away. A is the
same magnification as B (bar, 10 um) and C is the same as D (bar, 100 nm).
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Fig. 5.

Mouse retinal cryosections immunolabeled with antibodies against (A) myosin Vlla or (B)
myosin Va (both red), and also labeled with BODIPY -FL-phallacidin (green) to indicate actin
filaments. A region of overlap is evident as a yellow band. Myosin Va is also evident in the
photoreceptor inner segments. R, RPE; O, photoreceptor outer segments; I, photoreceptor inner
segments. Bars, 10 um. (C) RPE subcellular fractionation and immunoblot analysis. Left:
Schematic of the fractionation procedure for purified pig RPE cells. Right: Analysis of RPE
fractions. Each fraction was obtained from the same amount of starting material. Top strip:
unstained stacking gel showing melanin content of each fraction, as an indication of the
distribution of melanosomes. Lower strips: immunoblot labeled with myosin VIla, myosin Va,
and Hsp60 antibodies. All strips are from the same gel. Melanosomes are enriched in P2 and
then in GP (and to a lesser extent in Gl), following gradient separation. (GP, fraction from
bottom of gradient; GI, fraction from interface; R, remainder.) Nuclei, as indicated by Trypan
Blue staining were absent from GP. Labeling with Hsp60 antibody (a mitochondrial marker)
indicates that mitochondria were depleted from P2 and GP.
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Fig. 6.

Electron micrograph of the RPE from a shakerl control (Myo7a+/462658) mouse retina
immunolabeled with myosin Vlla antibody (10 nm gold particles). The apical region is lower
right and the basal region is upper left. In the apical region of the RPE cell, melanosomes are
oriented along the axis of the apical processes. Myosin Vlla is present both on the melanosome
membrane (circles) and unassociated with the melanosomes, elsewhere in the cytoplasm
(arrows). Insert is a magnification of the square in the picture, showing two gold particles
associated with the melanosome membrane. Bar, 300 nm.
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Fig. 7.

(A) Graph showing the percentages of gold particles, representing myosin Vlla labeling,
distributed on the melanosome membrane versus those unassociated with the melanosomes
but present elsewhere in the RPE cytoplasm. (B) Comparison of the labeling in the regions
apical and basal to the adherens junctions of the RPE (relative amount of label on the
melanosome membrane is also indicated). Data were obtained from sections with negligible
background labeling (there was no labeling on the adjacent ROSs or extracellular space) and
negligible labeling on simultaneously-processed, negative control sections.
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Fig. 8.

Time-lapse microscopy of melanosome movements in cultured RPE cells. Phase-contrast
micrographs of RPE cells cultured from (A) shaker1 control (Myo7a+/462658) and (B) shakerl
mutant (Myo7a#6265B/462658y mice. Bars, 20 um. Representative kymograph traces illustrating
the movements of individual melanosomes in control (C) and mutant (D) RPE cells. Arrows
indicate bursts of rapid movement, and arrowheads indicate periods of slower movement. (E)
Histogram illustrating the mean linear displacement resulting from single continuous rapid
movements in control and mutant RPE cells (means.d.). (F) Histogram illustrating the
percentage of melanosomes per cell moving at different maximal velocities during 350-second
periods in control and mutant RPE cells (mean+s.d.).
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Primers used for RT-PCR

Table 1

Page 23

Gene

Forward primer

Reverse primer

Fragment
size (bp)

Exophilin1-Rabphilin 3a
Exophilin2-Granuphilin/Sytl4
Exophilin3-Melanophilin/Slac2-a
Exophilin4-Sytl2
Exophilin5-Slac2-b
Exophilin6-Sytl3
Exophilin7-Sytl1
Exophilin8-Myrip/Slac2-c
Exophilin9-Sylt5
MyosinVlila

MyosinVa

Rab27a

Rab27b

ATGGAAGCAACCACACTGGGTGCC
ATGAGTGGCTCCTCCATGAGTAC
ATGGTAGACACCTCTGATGAAGA
ATGAGTGGCAGTGTGATGAGCGTT
ATGAAACACAGATTGGCAGCCAT
ATGAGCACCTGCACAGAGATGGG
ATGGTGCAGGTGCGAGGCTCCGTG
GGGACAGACCAAGTGAGACTG
CACATCAGCTACTGCTAC
CGCGGTAAGGACAGGC
ATCAGGTACAATGTCAGTCAA
ATGTCGGATGGAGATTACGAT
ATGACTGATGGAGACTATGA

CTAATCACTGGACACGTGGTT
TTCTGCCCAAGACCCTGGG
TTAGGGCTGCTGGGCCATCAC
TCACTTGGAAAGCTTGGCAAT
TCATAGTTCTGACTCTTTATCCTTT
TCAGTGCAGGACGAGGGTCAT
CTATGCCCTGGGGACCAGGTT
TTAGTACATCACAGCTGACTCCAG
TCAGAGCCTACATTTCGCCAT
GGTAGCCTCGGAGATATTTGG
TCAGACCCGTGCGATGAAGCC
TCAACAGCCACACAACCCCTTC
CTAGCAGGCACATTTCTT

921
974
843
969
1155
948
900
532
957
829
423
666
657
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