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Microtubule motor transport in the delivery of melanosomes to the
actin-rich apical domain of the retinal pigment epithelium
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ABSTRACT
Melanosomes aremotile, light-absorbing organelles that are present in
pigment cells of the skin and eye. It has been proposed that
melanosome localization, in both skin melanocytes and the retinal
pigment epithelium (RPE), involves melanosome capture from
microtubule motors by an unconventional myosin, which dynamically
tethers the melanosomes to actin filaments. Recent studies with
melanocytes have questioned this cooperative capture model. Here,
we test the model in RPE cells by imaging melanosomes associated
with labeled actin filaments and microtubules, and by investigating the
roles of different motor proteins. We found that a deficiency in
cytoplasmic dynein phenocopies the lack of myosin-7a, in that
melanosomes undergo fewer of the slow myosin-7a-dependent
movements and are absent from the RPE apical domain. These
results indicate that microtubule-based motility is required for the
delivery of melanosomes to the actin-rich apical domain and support a
capture mechanism that involves both microtubule and actin motors.
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INTRODUCTION
Melanosomes are organelles that originate from endosomes and
contain melanin pigments (Marks and Seabra, 2001). They are
present in the skin and the eye. An important function of
melanosomes is in the screening of light, which can be a dynamic
process, effected by melanosome motility, in response to changes in
ambient lighting. Because melanosomes can be imaged with
standard bright-field microscopy, without overexpression of tagged
protein markers, they represent an excellent system for investigating
organelle motility and the molecular motor systems that drive the
underlying transport.
In mammalian skin, melanosome biogenesis occurs in melanocytes

(Raposo and Marks, 2007). The melanosomes then pass from the
dendrites of the melanocytes to neighboring keratinocytes (Hume
et al., 2001; Wasmeier et al., 2008; Fukuda, 2013; Wu and Hammer,

2014; Moreiras et al., 2019). Preceding the intercellular transfer,
melanosomes must be transported and retained in the melanocyte
dendrites. Retention of the melanosomes depends on myosin-5a.
Early studies showed that the melanocyte dendrites in Myo5a-null
mice (known as dilute mice because of their light coat color) do not
contain melanosomes (Provance et al., 1996; Wei et al., 1997). It was
then shown that myosin-5a is linked tomelanosomes by RAB27A and
a member of the exophilin family, melanophilin. Live-cell studies led
to a model in which melanosomes are transported to the cell periphery
bymicrotubule motors and then passed onto myosin-5a, which retains
them in the dendrite (i.e. a cooperative capture model) (Wu et al.,
1998; Desnos et al., 2007; Hammer and Sellers, 2011). The main
microtubule motor driving the movement to the periphery is indicated
to be the plus-end directed motor kinesin-1 (Hara et al., 2000;
Vancoillie et al., 2000). More recently, this model has been
challenged, based on the lack of requirement for microtubule
integrity for delivery of melanosomes to the dendrites, and lack of
enrichment of kinesin-1 on melanosomes. Instead, recent evidence
supports processivemyosin-5a transport entirely from the center of the
melanocyte to its periphery (Evans et al., 2014; Robinson et al., 2017).

In the eyes of invertebrates and vertebrates, movements of
melanosomes provide a means to alter visual sensitivity and
resolution. Clear examples are found among mollusks (Daw and
Pearlman, 1974), arthropods (Williams, 1982; Narendra et al., 2016)
and fish and amphibians (Back et al., 1965; Burnside, 2001). In the
retinal pigment epithelium (RPE) of vertebrate eyes, cylindrically
shaped melanosomes enter the narrow apical processes that project
among the photoreceptor outer segments (POSs), with their long axis
parallel to the POSs and thus the direction of incoming light (Burnside
et al., 1983; Burgoyne et al., 2015). In lower vertebrates, movement
into the apical processes upon light exposure and withdrawal from
them upon darkness are major events, affording significant changes in
the light-guiding properties of the POSs. Although more muted,
melanosomes have been observed to move into the RPE apical
processes of mice in response to light onset (Futter et al., 2004). The
effect of this movement is unclear, but it might be related to functions
other than light absorption that have been identified for RPE
melanosomes. For example, melanosomes have been shown to have
a cytoprotective effect in RPE cells under nonphotic oxidative stress
(Burke et al., 2011). Melanosomes might also contribute to the
enormous phagocytic load incurred by RPE cells; for example, in the
mouse central retina each RPE cell is associated with 200 POSs
(Volland et al., 2015) and, each day, peaking at light onset, the distal
10% of each POS is ingested and then degraded (Young, 1967;
LaVail, 1976). RPE melanosomes contain proteases (Azarian et al.,
2006), including cathepsin D, a major enzyme in the degradation of
POS proteins (Hayasaka et al., 1975), and have been observed to fuse
with phagosomes (Schraermeyer et al., 1999).

Although lack of myosin-5a does not affect the localization of RPE
melanosomes (Gibbs et al., 2004), another unconventional myosin,

Handling Editor: David Stephens
Received 25 November 2019; Accepted 25 June 2020

1Departments of Ophthalmology and Neurobiology, David Geffen School of
Medicine at UCLA, Los Angeles, CA 90095, USA. 2Stein Eye Institute, David Geffen
School of Medicine at UCLA, Los Angeles, CA 90095, USA. 3Molecular Biology
Institute, David Geffen School of Medicine at UCLA, Los Angeles, CA 90095, USA.
4Brain Research Institute, David Geffen School of Medicine at UCLA, Los Angeles,
CA 90095, USA.
*Present address: Department of Ophthalmology, Shanghai General Hospital,
Shanghai Jiao Tong University, School of Medicine, Shanghai, China, 200080.

‡Author for correspondence (dswilliams@ucla.edu)

A.E.P., 0000-0002-2526-8412; H.W., 0000-0003-4063-5417; D.G.L., 0000-0001-
6334-1441; V.S.L., 0000-0002-2904-0247; B.L.B., 0000-0001-9279-2751; D.S.W.,
0000-0002-7758-3932

1

© 2020. Published by The Company of Biologists Ltd | Journal of Cell Science (2020) 133, jcs242214. doi:10.1242/jcs.242214

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://jcs.biologists.org/content/editor-bios/#stephens
mailto:dswilliams@ucla.edu
http://orcid.org/0000-0002-2526-8412
http://orcid.org/0000-0003-4063-5417
http://orcid.org/0000-0001-6334-1441
http://orcid.org/0000-0001-6334-1441
http://orcid.org/0000-0002-2904-0247
http://orcid.org/0000-0001-9279-2751
http://orcid.org/0000-0002-7758-3932


myosin-7a, does. In humans, mutations in the gene encoding myosin-
7a underlie Usher syndrome type 1B, a deaf-blindness disorder (Weil
et al., 1995). One of several retinal functions for myosin-7a (Williams
and Lopes, 2011) involves the apical localization of RPE
melanosomes, including their presence in the apical microvilli (Liu
et al., 1998). As for melanocyte melanosomes, RPE melanosomes
require RAB27A for their localization but, instead of melanophilin,
they require another exophilin (myosin VIIA and Rab interacting
protein; MYRIP), which links RAB27A and myosin-7a (El-Amraoui
et al., 2002; Futter et al., 2004; Gibbs et al., 2004; Kuroda and Fukuda,
2005; Klomp et al., 2007). Therefore, apical localization of RPE
melanosomes is comparable to the dendritic localization ofmelanocyte
melanosomes, with a RAB27A–MYRIP–myosin-7a complex used by
the RPE in a similar way as the RAB27A–MLPH–myosin-5a complex
is used by melanocytes. However, the motility of melanosomes in the
RPE cell body has not been specifically studied, and it is not known
how melanosomes move from the RPE cell body to the apical region.
Thus, a cooperative capture model has not been tested.
Melanosomes in primary cultures of RPE cells lacking myosin-7a

undergo a larger number of fast long-range movements than in
similarly cultured wild-type RPE cells (Gibbs et al., 2004; Lopes
et al., 2007a). It was suggested that these faster movements are
driven by microtubule motors. In the present study, we test this
proposal by direct observation of the motility of RPE melanosomes

in the presence of labeled actin filaments and microtubules. In
addition, we identify microtubule motors that associate with the
melanosomes and are required for the normal motility and
localization of melanosomes. We compare and contrast our
findings with reports on melanosome motility in melanocytes.

RESULTS
RPE melanosomes move along actin filaments
Previous studies have demonstrated that myosin-7a is required for
normal melanosome localization (Liu et al., 1998) and motility
dynamics (Gibbs et al., 2004; Lopes et al., 2007a) in RPE cells,
suggesting that melanosomes are tethered to or move along actin
filaments by this actin-based motor. We attempted to observe the
interaction between melanosomes and actin filaments by direct
imaging of live RPE cells isolated from wild-type mice and
expressing RFP-actin or GFP-tractin; GFP-tractin labels only
F-actin (Johnson and Schell, 2009; Yi et al., 2012). Imaging
indicated that the melanosomes were associated with labeled actin
filaments and were typically oriented with their long axis parallel to
the filaments. Melanosomes were motionless for quite long periods,
as if tethered to an actin filament, with occasional relatively short
bursts of movement along the labeled actin filaments, with their long
axis remaining in line with the direction of movement (Movies 1, 2).
Fig. 1A shows the track of a melanosome along a labeled actin

Fig. 1. Movement of melanosomes along actin
filaments and microtubules in mouse primary RPE
cells. (A) Movement of melanosomes along actin
filaments in a cultured primary mouse RPE cell,
transduced with Cellular Lights Actin-RFP. Single frame
from the start of Movie 1. The white line shows the track
that amelanosome takes along an actin filament, evident
in subsequent frames. The track is shown in detail on the
right. (B) Frames from Movie 3, showing movement of
melanosomes along EB3-EGFP labeled microtubules in
RPE cells isolated from shaker1 mice (in this case, the
shaker14626SB allele, which is null for Myo7a). The blue
pseudocolored melanosome moves first to the upper
right, and then reverses course. The red pseudocolored
melanosome undergoes a longer run towards the upper
right. The complete tracks of the two melanosomes are
shown in the last panel. The trajectories were obtained
using Volocity software and are shown as a white line,
with small arrowheads indicating the direction of
movement. EB3-EGFP labels the microtubule growing
(plus) ends, most of which (as shown in Movie 3) migrate
to the lower left of the field of view. Scale bars: 2 μm.
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filament (or a bundle of parallel actin filaments), as demonstrated in
Movie 1.

RPE melanosomes move along microtubules
As a first test of whether the fast long-range movements of RPE
melanosomes occur along microtubules, we imaged melanosomes in
primary cultures of shaker1 RPE cells that expressed tubulin-GFP or
EB3-EGFP in order to label the microtubules fluorescently. We
studied cells from shaker14626SB mice, which have a Myo7a-null
mutation (Liu et al., 1999), in order to eliminate myosin-7a-based
melanosome motility on actin filaments. Thus, we could isolate
microtubule motility from myosin-7a-based motility on any
(unlabeled) actin filaments that were close to the microtubules. Use
of shaker1 RPE also increased the number of melanosomes available
for microtubule movements (Gibbs et al., 2004; Lopes et al., 2007a).
Melanosomeswere evident moving along the labeledmicrotubules

(Fig. 1B; Movie 3). Compared with tracks along actin filaments in
wild-type RPE cells (Fig. 1A; Movies 1, 2), this movement of
melanosomes along microtubules occurred at faster speeds and with
longer run lengths. Like themovement along actin filaments, the long
axis of a melanosome remained aligned with the microtubule and
thus the direction of movement. Movement in one direction was
followed by at least one clear reversal of direction for 18% of the
observed melanosomes during 3 min of imaging (see melanosome
indicated by arrowhead in Fig. 1B). These bidirectional movements
suggest the involvement of both plus-end and minus-end directed
microtubule motors. Fast melanosome movements were also
observed along labeled microtubules in wild-type RPE cells,
although they occurred less frequently and over shorter distances.
Dependence on the presence of microtubules for melanosome

motility has been shown previously; exposure of mouse primary RPE
cells to 10 µm nocodazole for 1 h resulted in complete elimination of
any motility in the majority of melanosomes (Lopes et al., 2007a). A
similar finding was observed in the present study when comparing
melanosome motility in untreated and nocodazole-treated mouse
primary RPE cultures. The melanosomes that still moved in
nocodazole-treated cells underwent only short-range movements at
slow speeds (Fig. 2), of the type attributed to myosin-7a motility on
actin filaments (Gibbs et al., 2004; Lopes et al., 2007a).

For the remainder of the study, we tested the roles of kinesin-1
and cytoplasmic dynein in driving this microtubule motility.

Kinesin-1 involvement in RPE melanosome transport
Studies on kinesin-1 indicate that it functions in RPE phagosome
motility (Jiang et al., 2015), although not in the motility of
melanosomes in melanocytes (Robinson et al., 2017). To
investigate whether kinesin-1 plays a role in RPE melanosome
motility, we focused on its ubiquitous heavy chain, KIF5B (Xia
et al., 1998). In support of a role, immuno-electron microscopy
(immunoEM) of retinal sections showed that KIF5B was
associated with melanosomes. Immunogold label was detected
on melanosomes in all regions of the cell (Fig. 3), although
quantification of the label (from 80 fields of view, aggregated from
sections from three animals) showed that melanosomes in the cell
body contained 2.2 times more label than those in the apical
microvilli, indicating a somewhat higher association between
KIF5B and melanosomes in the region containing microtubules
(Jiang et al., 2015).

To test for the involvement of KIF5B in melanosome transport,
conditional knockout mice (Cui et al., 2011) were studied. Primary
RPE cells isolated from Kif5bflox/flox mice were transfected with a
Cre/GFP coexpression vector. Western blot analysis showed near
complete depletion of KIF5B in the presence of Cre (Fig. 4A).
Tracks of melanosome movements were obtained by imaging cells
in primary RPE cultures from Kif5bflox/flox mouse littermates, with
Cre expression (indicated by GFP) and without Cre expression.
Analysis of the tracks showed that Cre expression resulted in a small
shift in the distribution of measured maximal speeds, such that there
was a lower frequency of slower maximal speeds (≤0.6 µm s−1) and
a higher frequency of faster maximal speeds (≥0.8 µm s−1)
(Fig. 4B).

These results suggest that KIF5B (and thus kinesin-1) contributes
to the normal motility of melanosomes on microtubules. However,
the change in motility was not associated with a significant change in
the distribution of melanosomes in the RPE. The RPE in retinal
sections from Kif5bflox/flox;BEST1-Cre mice contained melanosomes
in their apical microvilli as well as in the cell body, as in comparable
sections from control mice (Fig. 4C).

Fig. 2. Effect of nocodazole disruption of microtubules on
melanosome motility in RPE cells. (A) Primary wild-type mouse
RPE cells were transfected with tubulin-mCherry and treated with
10 μM nocodazole (Noco). Cells were imaged before (left) and 30 min
after (right) treatment with nocodazole. (B) Distribution of speeds of
melanosomes that were motile in nocodazole-treated and untreated
cultures; note that more than 80% of melanosomes were immotile
following nocodazole treatment (and thus not counted). Melanosomes
were imaged at 2 frames/s and speeds determined from the frame-to-
frame displacement (also known as instantaneous speed). Speeds
were binned, such that speeds <0.2 µm s−1 were collected under
0 µm s−1, speeds ≥0.2 but <0.4 µm s−1 were collected under
0.2 µm s−1, etc. Scale bars: 5 μm.
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Dynein involvement in RPE melanosome transport
To test for evidence of melanosome transport by cytoplasmic
dynein, we first performed immunoEMwith antibodies against both
intermediate chains of cytoplasmic dynein 1 (DYNC1). Similar to
the result obtained with KIF5B immunoEM, melanosomes were
labeled (Fig. 5A) and the density of melanosome label in the basal
RPE was 2.4 times that measured on melanosomes in the apical
microvilli (quantified from 47 fields of view, aggregated from
sections from three animals).
Next, we used dynein heavy chain (DYNC1H1) shRNA, as

described and characterized previously in a study of axonal transport
in mouse neurons (Encalada et al., 2011), to investigate the effect of

reducing the amount of DYNC1 heavy chain. We tested the efficacy
of this shRNA in reducing DYNC1 intermediate chain expression
using lentiviral transduction of primary RPE cultures, so that the
majority of cells expressed the shRNA plasmids. Fig. 5B illustrates
significant depletion of DYNC1 intermediate chains with the
DYNC1H1 shRNA, in contrast to no effect with a scrambled shRNA.

Using subretinal injection and electroporation, we were able to
transfect RPE cells with DYNC1H1 shRNA, and thus knock down
RPE DYNC1 activity in vivo. In the areas of the retina transfected
with DYNC1H1 shRNA, melanosomes were absent from the apical
RPE; they did not surround the tips of the photoreceptor outer
segments as in RPE that was not transfected or was transfected with

Fig. 3. Immunogold labeling of melanosomes inmouse RPE cells by KIF5B antibodies. (A) EM of mouse RPE cell. The apical region of the cell includes the
apical microvilli (region indicated by vertical white line). These microvilli interdigitate with the tips of photoreceptor outer segments. The actual boundary
between the actin-rich apical domain and the cell body (which contains microtubules throughout) corresponds to the level of the junctional complexes and a
circumferential ring of actin filaments, and so is slightly more basal than the base of the microvilli (Jiang et al., 2015). N, nucleus. (B) Example of melanosomes
labeled by KIF5B immunogold in the cell body region. Scale bars: 1 μm (A), 200 nm (B).

Fig. 4. Effect of loss of KIF5B on melanosome
speed and localization. (A) Western blot of RPE cells
isolated from Kif5bflox/flox mice transfected with Cre (to
generateKif5b−/−) or without Cre (control). The blot was
probed with antibodies against KIF5B and GAPDH
(loading control). Apparent molecular masses are
indicated. (B) Frequency distribution of the maximal
speed measured over 3 min intervals for melanosomes
in Kif5bflox/flox primary RPE cultures, with Cre (Kif5b−/−)
or without Cre (Kif5bflox/flox). Data were obtained from
3 min tracks (n=56 tracks for Kif5b−/−, n=57 tracks for
Kif5bflox/flox, aggregated from 3 separate experiments)
of active melanosomes (i.e. with straight-line
displacement of more than 2 μm after 3 min). Maximal
speeds were binned, such that speeds <0.2 µm s−1

were collected under 0 µm s−1, speeds ≥0.2 but
<0.4 µm s−1 were collected under 0.2 µm s−1, etc.
(C) Light microscopy images of retinas from Kif5bflox/flox

mice (Kif5bflox/flox) and Kif5bflox/flox;BEST1-cre
(Kif5b−/−) mouse retinas. The different retinal layers,
choroid, basal RPE, apical RPE and the photoreceptor
outer segments (POS), are indicated in the top panel.
Scale bar: 25 μm.

4

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs242214. doi:10.1242/jcs.242214

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



scrambled shRNA (Fig. 5C). Although the melanosomes were
absent from the apical RPE, they did not congregate in a particular
region of the cell body; they appeared to be distributed throughout
the cell body, like melanosomes in wild-type RPE, and, indeed, like
melanosomes in Myo7a-mutant mice (Liu et al., 1998).
To test how loss of DYNC1 affects melanosome motility, we

tracked melanosomes in primary RPE cell cultures transfected with
DYNC1H1 shRNA or scrambled shRNA (as a control). Treated cells
in the culture could be identified by expression of mCherry.
DYNC1H1 shRNA shifted the distribution of maximal
melanosome speeds, such that there was a lower frequency of slow
maximal speeds (<0.4 µm s−1) and a higher frequency of faster
maximal speeds (≥0.6 µm s−1), compared with the effect of
scrambled shRNA (Fig. 6A). The extent of this change in the
distribution of maximal speeds was much more marked than that
observed with the deletion of KIF5B; it was comparable to that

observed in shaker1 mice as a result of loss of myosin-7a function
(Gibbs et al., 2004; Lopes et al., 2007a).

We examined the effects ofDYNC1 knockdown further by studying
shaker1 RPE, so that melanosomes would not be recruited to actin
filaments by myosin-7a, thus helping isolate motility on microtubules.
As noted, loss of myosin-7a results in faster speeds of the motile
melanosomes (Gibbs et al., 2004; Lopes et al., 2007a). This effect can
be seen by comparing the control (scrambled shRNA) bars in Fig. 6A
with those in Fig. 6C. In shaker1 RPE, DYNC1 knockdown resulted in
reduction of the proportion of motile melanosomes from 30% to just
10% (Fig. 6B). Interestingly, DYNC1 knockdown did not significantly
alter the distribution of maximal speeds of those melanosomes that
were motile (Fig. 6C). It appears that the shift to a higher frequency of
faster speeds with DYNC1 knockdown is a result of reduced delivery
of melanosomes to the actin filaments and reducedmyosin-7amotility,
consistent with the observations of retinal sections (Fig. 5C).

Fig. 5. Immunogold labeling of dynein and analysis of the effect of dynein deficiency on melanosome localization. (A) Example of melanosomes in the
cell body region, labeled by antibodies against both intermediate chains of cytoplasmic dynein 1. (B) Western blot of RPE cell cultures transduced with lentivirus
containing scrambled shRNA-mCherry or cytoplasmic dynein heavy chain (DYNC1H1) shRNA-mCherry. The blot was probed with antibodies against
cytoplasmic dynein 1 intermediate chains 1 and 2 (DYNC1I), GAPDH (loading control) and mCherry (transduction control). (C) Light microscopy images of RPE
cells from wild-type mice, injected subretinally with scrambled shRNA or DYNC1H1 shRNA. The different retinal layers, choroid, basal RPE, apical RPE and the
photoreceptor outer segments (POS), are indicated in the top panel. The regions framed by the red boxes (top two panels) are shown at higher magnification in the
next panel. The image in the bottom panel is from another retina that was injected with DYNC1H1 shRNA. In the scrambled shRNA-treated retinas, melanosomes
were present in the apical RPE, whereas in the DYNC1H1 shRNA-treated retinas, melanosomes were largely absent from the apical RPE. The shRNA
plasmids were delivered to the RPE cells by injection into the subretinal space, followed by electroporation. The regions of the retina examined corresponded to
those near the site of plasmid injection, and therefore their relative location varied somewhat from animal to animal. Note that the number of melanosomes per
RPE cell varies across normal mouse and rat retinas, even though melanosomes are still present in the apical processes of all regions (Howell et al., 1982;
Williams et al., 1985). Scale bars: 200 nm (A), 25 μm (C, top two and bottom panels), 10 μm (C, third panel).
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DISCUSSION
We report direct imaging of RPEmelanosomesmoving along labeled
actin filaments and microtubules. The long axis of the melanosome is

aligned with the actin filament or microtubule, and thus the direction
of movement.Most melanosomeswere paused on the actin filaments,
as if tethered, and underwent relatively short movements. Movements
along microtubules were faster, involved longer runs and were
sometimes bidirectional. In addition, we investigated the roles of
kinesin-1 and cytoplasmic dynein in driving melanosome motility
along microtubules. ImmunoEM demonstrated that both motors were
associated with melanosomes. Knockout of the kinesin-1 heavy chain
gene, Kif5b, had a relatively mild effect, with no significant alteration
in melanosome localization. However, shRNA knockdown of
DYNC1H1 completely phenocopied lack of myosin-7a, in terms of
melanosome motility in RPE cell culture and melanosome
localization in vivo, indicating that cytoplasmic dynein is essential
for the passage of melanosomes from the cell body to the actin-rich
apical domain of the RPE.

The organization of microtubules in differentiated RPE cells is
comparable to that of other epithelial cells (Bacallao et al., 1989;
Gilbert et al., 1991), with some lateralmicrotubules emerging from an
apical centrosome in the apical part of the cell body and some vertical
microtubules, which are not associated with a centrosome. The
majority (71%) of the vertical microtubules are oriented with their
plus ends more basal (Jiang et al., 2015), so that minus-end directed
movements direct melanosomes predominantly towards the RPE
apical domain. A deficiency in dynein resulted in the same
dislocalization of melanosomes from the apical RPE, and the same
increase in motility, as observed with shaker1 RPE (Liu et al., 1998;
Gibbs et al., 2004). Only a small minority of RPE cells contained any
melanosomes in the actin-rich apical domain; perhaps DYNC1H1
was incompletely knocked down in these cells. In live RPE cells
deficient in dynein, the distribution of maximal speeds was shifted
away from the slower speeds that have been attributed to myosin-7a
driven motility (Udovichenko et al., 2002). These findings indicate
the importance of delivery of melanosomes to the minus-ends of the
microtubules by dynein, so that they can be transferred from the cell
body to the RAB27A–MYRIP–myosin-7a complex in the actin-rich
apical domain. Thus, they support a cooperative capture model.

Despite evidence of some bidirectional movement of melanosomes
on microtubules, and an effect on melanosome motility in response to
loss of KIF5B, kinesin-1 had no obvious effect on melanosome
localization. Loss of KIF5B resulted in a slight shift to faster maximal
speeds (Fig. 4B). As with loss of DYNC1H1, this shift suggests fewer
movements on actin filaments. However, the extent of the shift was
much less than that observed with knockdown of dynein. Perhaps this
milder phenotype is due to the involvement of another plus-end
microtubule motor that normally functions with kinesin-1 in
melanosome motility. The shift to faster maximal speeds in the
absence ofKIF5B suggests that such an additionalmotormediatesmore
rapid movements, which are inhibited in the presence of kinesin-1.
Kinesin-1 and kinesin-3 have both been found to contribute to plus-end
motility of cargoes in neuronal axons and HeLa cells (Guardia et al.,
2016; Lim et al., 2017). Similarly, kinesin-1 and heterotrimeric kinesin-
2 are both involved in the axonal transport of acetylcholine esterase
vesicles (Kulkarni et al., 2017). Heterotrimeric kinesin-2 appears to be a
good candidate to partner in melanosome motility, given its role in
melanosome transport in Xenopus melanophores (Tuma et al., 1998).

An alternative possibility is that the absence of kinesin-1 results
in more dynein motility. However, the in vivo speed of cytoplasmic
dynein has been indicated to be slower than that of kinesin-1
(Howard, 2001), in which case, the observed shift to faster speeds
seems inconsistent with increased dynein activity. Moreover, more
dynein activity might be expected to be associated with a greater
apical localization of melanosomes, which we did not detect.

Fig. 6. Effect of loss of dynein on melanosome motility. (A–C) White bars,
scrambled shRNA; black bars, DYNC1H1 shRNA. (A) Frequency distribution
of the maximal speed measured for melanosomes in primary cultures of RPE
cells treated with scrambled (control) shRNA or DYNC1H1 shRNA. Data were
obtained from 3 min tracks (n=75 tracks for scrambled shRNA, n=106 tracks for
DYNC1H1 shRNA, aggregated from three separate experiments) of active
melanosomes (i.e. with straight-line displacement of more than 2 μm after
3 min). Maximal speeds were binned, such that speeds <0.2 µm s−1 were
collected under 0 µm s−1, speeds ≥0.2 but <0.4 µm s−1 were collected under
0.2 µm s−1, etc. The percentage of active melanosomes, determined from
three independent cell cultures, was similar for cells treated with scrambled
shRNA (15±3% s.e.m.) and cells treated with DYNC1H1 shRNA (14±3%
s.e.m.). (B) The percentage of active melanosomes (i.e. with straight-line
displacement of more than 2 μm after 3 min) in shaker1 primary RPE cells,
treated with scrambled shRNA or DYNC1H1 shRNA. Data were obtained from
four separate experiments; **P=0.0007 (Mann–Whitney test, two-tailed). Error
bars indicate s.e.m. (C) Frequency distribution of the maximal speed
measured for melanosomes in primary cultures of shaker1 RPE cells treated
with scrambled shRNA or DYNC1H1 shRNA. Data were obtained from 3 min
tracks (n=27 tracks for scrambled control shRNA, n=60 tracks for dynein
shRNA, aggregated from three separate experiments) of active melanosomes
(i.e. with straight-line displacement of more than 2 μm after 3 min). Maximal
speeds were binned as in A.
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Skin melanocytes and RPE cells are two mammalian cell types in
which melanosomes move from the cell body to the cell periphery. In
melanocytes, melanosome biogenesis is active (Raposo and Marks,
2007) and the melanosomes do not return to the cell body; they are
delivered to keratinocytes from the melanocyte dendrites (Hume et al.,
2001; Wasmeier et al., 2008; Fukuda, 2013; Wu and Hammer, 2014;
Moreiras et al., 2019). By contrast, melanosome biogenesis is very low
in the postnatal RPE (Lopes et al., 2007b). Another difference between
the two cell types is in the cytoskeletal organization.With the epithelial
polarity and microtubule organization of RPEs (Jiang et al., 2015),
movement towards the minus-ends of most microtubules directs
melanosomes towards the actin-rich apical domain, where they can be
captured by myosin-7a. In melanocytes, dynein moves melanosomes
towards the cell nucleus, away from the dendrites (Byers et al., 2000),
so that a plus-end microtubule motor is needed for movement towards
the dendrites. It has been proposed that kinesin-1 fulfills this role, and
is recruited to melanosomes by RAB1A (Ishida et al., 2012, 2015).
However, more recently, it has been argued that KIF5B and RAB1A
are not recruited tomelanocyte melanosomes to a sufficient extent, and
that the main driving force for the dendritic delivery of melanosomes
comes from myosin-5a moving along cortical actin filaments (Evans
et al., 2014; Robinson et al., 2017). In this case, melanocytes and RPE
cells would differ, with a cooperative capture mechanism for
melanosome delivery only present in RPE cells. However, consistent
with the observations made here on kinesin-1 in RPEs, perhaps
kinesin-1, together with another kinesin, functions in melanosome
transport to the melanocyte dendrites and thus provides additional
microtubule-based driving force.

MATERIALS AND METHODS
Animals
All procedures conformed to institutional animal care and use
authorizations. The genetic mutants used were Kif5bflox/flox (JAX stock
#008637) (Cui et al., 2011), BEST1-cre (Iacovelli et al., 2011) and shaker1
(Myo7a4626SB/4626SB), which carries a premature stop codon, Q720X, and is
an effective null (Liu et al., 1999). All mice had been backcrossed onto the
C57BL/6HNsd (Harlan C57BL/6) genetic background and lacked the
Crb1rd8/rd8 mutation, as determined by PCR. BEST1-cre mice always
contained only one transgenic allele. Breeding strategies and genotyping of
the individual mutations followed those described previously (Holme and
Steel, 2002; Cui et al., 2011; Iacovelli et al., 2011). Both genders of mice
were used indiscriminately.

BEST1-cre transgenic mice were first crossed with Kif5bflox/flox mice to
generate Kif5b+/flox;BEST1-cre mice. Then Kif5b+/flox;BEST1-cre mice
were bred with Kif5bflox/flox mice to generate litters that included mice
lacking functional Kif5b in the RPE (Kif5aflox/flox;BEST1-cre). Genotyping
was performed as described (Xia et al., 2003) to distinguished Kif5aflox/flox;
BEST1-cre mice from littermates.

All the mice were kept on a 12 h light/12 h dark cycle, under 10–50 lux
fluorescent light during the light cycle.

Cell culture
RPE primary cells were isolated from mouse retinas as described previously
(Gibbs et al., 2003; Gibbs and Williams, 2003). In brief, intact eyes were
removed from 9- to 15-day-old mice and washed twice in DMEM (high
glucose). They were then incubated with 2% (w/v) dispase in DMEM (high
glucose) for 45 min at 37°C. The eyes were washed twice in growth medium
(GM) that consisted of DMEM (high glucose), 10% FBS, 1% penicillin/
streptomycin, 2.5 mM L-glutamax and 1× MEM nonessential amino acids.
All reagents were from ThermoFisher Scientific. After removal of the
anterior cornea, lens, capsule and iris-pigmented epithelium, the resulting
posterior eyecups were incubated in GM for 20 min at 37°C. The neural
retina was removed and sheets of RPE were then peeled off from Bruch’s
membrane, washed and cultured in complete GM at 37°C with an
atmosphere of 5% CO2.

For transfection prior to western blot analysis, primary RPE cells were
plated for 24 h and then electroporated in suspension, using the Invitrogen
Neon Transfection System 10μl kit (ThermoFisher Scientific), and then
replated. For transfection of primary RPE cells, cultures were treated with
Lipofectamine LTX (ThermoFisher Scientific), 1-2 days after plating.
Transduction with lentiviral particles was done when the primary RPE cells
were still in suspension. Analysis was performed 3-4 days post transfection
or transduction in all cases.

Constructs and reagents
A short hairpin RNA (shRNA-mCherry) construct (modified
pLentiLox3.7GW), targeted to cytoplasmic dynein heavy chain
(DYNC1H1) (Encalada et al., 2011), and its scrambled negative control
(D11, shRNA-mCherry) were provided by Sandra Encalada and Larry
Goldstein (University of California, San Diego, La Jolla, CA). Packaging
plasmids were pMD2.G and psPAX2 (Didier Trono, Addgene plasmids
#12259 and #12260). LV-CIG vector (containing GFP downstream of Cre
to achieve bicistronic expression) was used without lentiviral packaging
vectors (Pfeifer et al., 2001). pEGFPN-EB3 was provided by Emilie Colin
and Franck Perez (Institute Curie, Paris, France). F-tractin-GFP was
provided by Michael Schell, Uniformed Services University (Johnson and
Schell, 2009; Yi et al., 2012). All constructs were sequenced to confirm
identity before use. CellLight Actin-RFP and CellLight Tubulin-RFP,
packaged in baculovirus, were bought from ThermoFisher Scientific.

Western blot analysis
After transfection, cells were collected and lysed in 20 mMTris-HCl pH 7.4,
5 mMMgCl2, 10 mM NaCl, 1 mM DTT and 1× protease inhibitors (Sigma
Aldrich). Equivalent amounts of sample were run on 4-12% NuPAGE Bis-
Tris gel (ThermoFisher Scientific). After transfer, membranes were blocked
with Odyssey blocking buffer (LI-COR; Lincoln) and probed with rabbit
anti-KIF5B (Abcam ab5629) or mouse anti-DYNC1I (cytoplasmic dynein 1
intermediate chains 1 and 2; MAB1618, EMD Millipore), rabbit anti-RFP
(PM005, MBL international) and mouse anti-GAPDH (MAB374, EMD
Millipore). IRDye 800CW donkey anti-rabbit IgG, IRDye 680RD goat anti-
mouse IgG, IRDye 680RD donkey anti-rabbit IgG or (LI-COR) were used as
secondary antibodies. Membranes were imaged with the Odyssey infrared
imaging system (LI-COR; Lincoln).

Live imaging and tracking analysis of melanosome motility
Sheets of mouse RPE cells were cultured in eight-well coverglass chambers
(Labtek; ThermoFisher Scientific). Following dissection, cells were
cultured for 1-2 days and then transfected or transduced. Cells were
imaged 3-4 days after transfection or transduction using a spinning disk
confocal microscope system (UltraVIEW ERS; PerkinElmer) containing a
microscope (Axio Observer.A1; Carl Zeiss) fitted with an environment
chamber. Melanosomes in cells in the center of the cultured patch were
densely packed, and, although quite motile, were difficult to track. Tracking
data were therefore obtained from cells away from the central region, where
the melanosomes were more loosely packed but the cells were still at least
partially polarized. Some time-lapse images were acquired with a 100×
NA1.46 objective and a C9100-50 Hamamatsu Photonics camera. Other
images were obtained with a 63× NA1.4 objective or a 100×, NA1.4,
objective and a C11440-22CUHamamatsu Photonics camera. All images of
melanosomes were acquired and analyzed using Volocity software.

For the imaging of melanosomes moving along actin filaments or
microtubules, cultured primary mouse RPE cells were transfected with
F-tractin-GFP (Johnson and Schell, 2009) or pEGFPN-EB3 using
Lipofectamine LTX (ThermoFisher Scientific), or transduced with CellLight
actin-RFP (ThermoFisher Scientific). Single z-plane images were collected by
a spinning disk confocal microscope.

To test for the effect of nocodazole, RPE cells were transduced with
CellLight Tubulin-RFP (ThermoFisher Scientific). Cells were treated with
10 μM nocodazole for 30 min at 37°C and then imaged during a subsequent
30 min, in the same medium, at 2 frames/second by spinning disk confocal
microscopy.

Motility analysis was performed on melanosomes that were tracked for
3 min and had a net displacement of at least 2 µm. A ‘track’ refers to the
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trajectory of a melanosome during a 3 min interval and is represented by its X
and Y coordinate series. ‘Maximal speed’ refers to the fastest instantaneous
speed (frame to frame) during a 3 min track.

Statistical analyses were performed on Prism 6 (GraphPad). Mann–
Whitney’s test (two-tailed) was used for statistical analysis of melanosome
tracks.

Subretinal injection and electroporation
Subretinal injection of 0.5 µl dynein (DYNC1H1) (3 µg µl−1) shRNA or
scrambled (D11) (3 µg µl−1) shRNA plasmid was performed on postnatal
day 2-4 mouse pups (Fig. S1), which were anesthetized by chilling on ice.
The electroporation was conducted with 5 pulses at 80 V for 50 ms per pulse
with 950 ms intervals. Pups were returned to their mother for at least
2 weeks.

Fluorescence microscopy for whole mount and cryosections
Whole mount and cryosections were performed as described previously
(Jiang et al., 2015). Briefly, injected eyes were fixed in 4% formaldehyde
overnight at 4°C, with a small cut on the cornea. The anterior segment was
then removed. For RPE flat mounts, the eyecups were divided into quadrants,
flattened andmounted for imaging. For cryosections, the posterior half of each
eye was cryoprotected by processing through 15, 20 and 30% sucrose
solutions in PBS and then embedded in OCT compound (Sakura). The
cryosections were incubated with anti-RHO polyclonal antibody (pAb01)
(Boesze-Battaglia et al., 1997; Liu et al., 1999) at 4°C overnight, followed by
AlexaFluor 488-conjugated secondary antibody.

Light and immunoelectron microscopy
Eyes were enucleated from mice aged 1-2 months. The posterior eyecups
were fixed by immersion in EM-grade 2% glutaraldehyde plus 2%
formaldehyde (Electron Microscopy Sciences) in 0.1 M cacodylate buffer,
then postfixed in 1% OsO4 and processed for embedment in epon-812. For
light microscopy, dorsoventral semithin (0.7 mm) sections were stained
with toluidine blue and imaged under a microscope (Axiophot; Carl Zeiss)
with a 63× NA1.4 oil objective (Carl Zeiss) and a camera (CoolSnap-Pro;
Photometrics). Images were collected with Image-Pro Express software
(Media Cybernetics). To investigate the localization of melanosomes within
RPE cells, sets of eyes for each condition were obtained on least two separate
occasions; from within each set, retinas were examined from a minimum of
three animals for each condition.

For immunoEM, eyes were enucleated and fixed in 0.25%
glutaraldehyde and 4% paraformaldehyde in 0.1 M cacodylate buffer at
pH 7.4. Eyecups were dissected, washed in buffer and dehydrated in
increasing concentrations of ethanol. After dehydration, tissue samples
were infiltrated with LRWhite resin and polymerized at 55°C for 12-16 h.
Ultrathin sections (70 nm) from the block were collected on formvar-
coated nickel mesh grids, quenched for 15 min in 0.1 M glycine, washed in
0.1 M phosphate buffer and then blocked in 2% BSA for 20 min. Grids
were washed again and incubated with anti-Kif5B (Abcam ab5629) or
mouse anti-DYNC1I (cytoplasmic dynein 1 intermediate chains 1 and 2;
MAB1618, EMD Millipore) in 1% native goat serum (NGS) overnight at
4°C. Grids were then washed and incubated with gold secondary
antibodies (Jackson ImmunoResearch Laboratories, Baltimore, MD),
diluted in 1% BSA for 90 min and washed three times with 0.1 M
phosphate buffer. Contrast staining was performed with 5% uranyl acetate
in 50% ethanol for 5 min, followed by triplicate washes with water. Images
were taken on a transmission electron microscope (JEM-1200EX) at
magnifications ranging from 30,000× to 80,000×. The primary antibodies
were tested at dilutions of 1:200, 1:100 and 1:50; 18 nm anti-rabbit IgG or
12 nm anti-mouse IgG gold secondary antibodies were also tested at 1:20.
For quantification, the primary antibodies were diluted 1:100 and the
18 nm anti-rabbit IgG was used as the secondary antibody. The number of
gold particles per square micrometer of melanosome was determined to
evaluate the association of kinesin and dynein with melanosomes in the
RPE. Data were aggregated from sections obtained from six eyes.
Background labeling levels were measured from the adjacent
extracellular space and the photoreceptor outer segments, and the
average was subtracted from the melanosome labeling results.
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