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PURPOSE. Mutations in the megalin-encoding gene, LRP2, cause high myopia as seen in
patients suffering from Donnai-Barrow/facio-oculo-acoustico-renal syndrome. Megalin is
present in both the nonpigmented epithelium of the ciliary body and in the RPE. In this
study, we set out to establish an animal model to study the mechanisms underlying the ocular
phenotype and to establish if high myopia/megaophthalmos is induced by postnatal megalin-
deficiency in the RPE.

METHODS. Postnatal RPE-specific deletion of megalin was generated by crossing mice bearing a
homozygous loxP-flanked Lrp2 allele with transgenic mice expressing the Cre recombinase
driven by the BEST1 promotor. The model was investigated by immunohistologic techniques,
and transmission electron microscopy.

RESULTS. Mice with postnatal RPE-specific loss of megalin developed a megaophthalmos
phenotype with dramatic increase in ocular size and severe retinal thinning associated with
compromised vision. This phenotype was present at postnatal day 14, indicating rapid
development in the period from onset of BEST1 promotor activity at postnatal day 10.
Additionally, RPE melanosomes exhibited abnormal size and morphology, suggested by
electron tomography to be caused by fusion events between multiple melanosomes.

CONCLUSIONS. Postnatal loss of megalin in the RPE induces dramatic and rapid ocular growth
and retinal degeneration compatible with the high myopia observed in Donnai-Barrow
patients. The morphologic changes of RPE melanosomes, believed to be largely inert and fully
differentiated at birth, suggested a continued plasticity of mature melanosomes and a
requirement for megalin to maintain their number and morphology.

Keywords: megalin, retinal pigment epithelium, macromelanosomes, high myopia, mega-
ophthalmos, retinal degeneration

Mutation of the LRP2 gene causes the very rare Donnai-
Barrow syndrome (DBS) also known as facio-oculo-

acustico-renal syndrome (OMIM # 222448).1,2 DBS patients
suffer from a diverse range of developmental and functional
abnormalities including hypertelorism, agenesis of the corpus
callosum, diaphragmatic hernia as well as sensorineural hearing
loss, low-molecular-weight proteinuria, and high myopia.1

Despite great phenotypic variation in these patients, high
grade myopia with refractive errors ranging from�12.5 to 22.0
diopters (D) have been consistently observed.1,3–6 Additional
ocular manifestations including large protruding eyes, retinal
dystrophy, retinal detachment, pigment changes, and cataract
have also been frequently reported in these patients.1,6

The LRP2 gene encodes the 600 kDa type 1, transmembrane
protein megalin. Numerous studies have established megalin as
an endocytic receptor with a long list of structurally and
functionally diverse ligands including vitamin carriers, plasma

proteins, enzymes, and enzyme inhibitors as well as hormones
and signaling molecules.7 Megalin has been extensively studied
in renal proximal tubules. Here, megalin mediates reabsorption
of filtered plasma proteins, rescuing vital nutrients from urinary
excretion.7 Besides the kidney, megalin is also expressed in a
number of other specialized epithelia throughout the body
including type II pneumocytes of the lung, the choroid plexus
epithelium, and placental cytotrophoblasts.8–11 Notably, mega-
lin is also expressed in the non-pigmented ciliary body
epithelium as well as the RPE in the adult mammalian
eye.10,12,13

The ocular phenotype of four animal models (zebrafish and
mice) with genetic ablation of the megalin-encoding gene have
recently been described.13–16 These models are all based on
prenatal genetic ablation of megalin in all ocular structures
normally expressing megalin. In parallel to observations from
DBS patients, high myopia/megaophthalmos, retinal dystrophy,
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and pigment changes were reported in these animal models
suggesting that the mechanisms underlying the development of
the ocular abnormalities observed in DBS patients may be
investigated using these animal models. However, although
very valuable for histologic and functional investigations of
ocular megalin-deficiency in general, none of these models
allow determination of whether the megaophthalmos is caused
by early ocular developmental defects and/or by megalin
dysfunction in the RPE specifically. We therefore used the
previously reported Cre recombinase under control of the
Best1 promoter17,18 to obtain a selective genetic ablation of
megalin in the RPE during the early postnatal period. Here, we
report that mice with RPE-specific genetic ablation of megalin
in the early postnatal period develop rapid megaophthalmos
and abnormal RPE pigmentation, resulting in severe retinal
dystrophy associated with compromised vision.

MATERIALS AND METHODS

Animals

Animal experiments and breeding were approved by the
Danish Animal Experiments Inspectorate and performed in the
animal facility of Department of Biomedicine, Aarhus Univer-
sity, Denmark. All animal procedures were carried out in
accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Mice with homozygous conditional inactivation of the Lrp2

gene in RPE cells were generated by breeding Tg(BEST1-
Cre)1Jdun/J17 transgenic mice with mice bearing a loxP-
flanked Lrp2 allele (Lrp2

tm1Tew)19 to create first generation
BEST1-Cre, Lrp2 heterozygous mice (Lrp2

flox/þ) on a C57BL/6
background. Heterozygous BEST1-Cre, Lrp2 (C57BL/6) were
subsequently crossed with mice bearing loxP-flanked Lrp2

alleles on a 129S6/SvEvTac (Taconic Biosciences, model #
129SVE-F) background to obtain homozygous BEST1-Cre, Lrp2

on a mixed C57BL/6-129/Svj background. Cre-negative litter-
mates served as controls in all experiments.

Tissue Preparation and Microscopy

Mice were euthanized by isoflurane sedation before cervical
dislocation and decapitation. For immnohistochemical analy-
ses, eyes were enucleated and fixed by immersion in 4%
formaldehyde in 0.1 M cacodylate buffer, pH 7.4 for 1 hour
prior to dehydration and paraffin embedding. We cut 5-lm
paraffin sections on a microtome (Leica RM 2165; Leica,
Ballerup, Denmark), and processed sections for immunohisto-
chemistry using fluorophore-coupled secondary antibodies as
previously described.13 Examination and image acquisition
were performed using an inverted confocal microscope (Zeiss
LSM 510 META; Carl Zeiss AG, Jena, Germany) and processed
using commercial software (Axiovision 4.8; Carl Zeiss Micros-
copy, Thornwood, NY, USA, and Adobe Photoshop 8.0, Adobe,
Inc., San Jose, CA, USA).

For immunohistochemical analyses of sections using
alkaline phosphatase-coupled secondary antibodies, sections
where rehydrated and subsequently heated in Tris-EGTA buffer
for antigen retrieval in a microwave for approximately 10
minutes, cooled, and incubated in 50 mM NH4Cl in 0.05 M TBS
(pH 7.4) for 30 minutes. Sections were then subsequently
incubated with primary antibodies in 0.05 M TBS (pH 7.4) with
0.1% bovine serum albumin and 0.3 % Triton X-100 followed by
incubation with secondary antibody. Phosphatase labeling was
visualized by incubation with FAST RED substrate (Kem-En-Tec
Diagnostics, Taastrup, Denmark) and counterstained with
Meier’s hematoxylin stain for examination using a microscope

(Leica DMR; Leica Microsystems GmbH, Wetzlar, Germany)
equipped with a camera (DFC320; Leica Microsystems GmbH)
and processed using graphic editing software (Adobe, Inc.).

For general histologic examination, sections were counter-
stained with Meier’s haematoxylin stain and images acquired
using a Leica DMR microscope equipped with a Leica DFC320
camera or the microscope (Eclipse 80i; Nikon Corp., Tokyo,
Japan) equipped with a motorized stage (H138E50; Prior,
Cambridge, UK), a digital camera (DP72; Olympus, Tokyo,
Japan), and processed using graphic editing software (Adobe,
Inc.).

For ultrastructural analyses, enucleated mouse eyes were
fixed in 2% formaldehyde and 2% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4. After fixation eyes were dissected
into small pieces of retinal tissue. Tissue pieces were
subsequently postfixed for one hour in 1% OsO4 in 0.1 M
cacodylate buffer, stained for 1 hour with 0.5% uranyl acetate
in 0.05 M Maleate buffer pH 6.0, dehydrated in graded
alcohols, and embedded in Epon (TAAB resin 812; VWR - Bie
& Berntsen A/S, Soeborg, Denmark). Ultrathin sections of
approximately 60 nm were obtained with a cryoultramicro-
tome (Leica EM FC6; Leica Microsystems GmbH), collected on
100 mesh nickel grids and stained with uranyl acetate and led
citrate. Sections were examined using a transmission electron
microscope (JEOL JEM-1400þ; JEOL, Freising, Germany).

Electron Tomography

We cut and stained 200-nm thick sections with lead citrate in
addition to a 10-nm gold particle solution (BBI Solutions,
Cardiff, UK). Images were acquired on an electron microscope
(FEI T12 Tecnai Spirit; FEI, OR, USA), using tomography (iTEM;
ResAlta Research Technologies, Golden, CO, USA) and a
camera (Morada; Olympus SIS, Münster, Germany). Tilt series
were collected over a tilt range of �608 to þ608 in 28
increments around 2 orthogonal axes using a dual-axis
tomography holder (Fishione Instruments, Pittsburgh, PA,
USA). The images were processed to generate tomograms
using the IMOD package.20

Antibodies
� (Primary) Sheep anti rat megalin,21 rabbit monoclonal

Cre recombinase (D7L7L; Cell Signaling Technology Inc.,
BioNordika A/S, Herlev, Denmark)
� (Secondary) Donkey anti sheep Alexa Fluor-488 antibody

(Invitrogen Taastrup Denmark), alkaline phosphatase-
coupled swine anti rabbit (DAKO)
� (Nuclear stain) Fluoroshield mounting medium with

propidium iodide (Sigma-Aldrich Corp., Copenhagen,
Denmark).

RESULTS

RPE-Specific Ablation of Megalin

To investigate the physiologic role of megalin in the retina we
produced mice with RPE-selective loss of megalin in the early
postnatal period by combining mice bearing floxed Lrp2

alleles (Lrp2
flox/flox)19 with mice transgenic for BEST1-Cre.17

Approximately a quarter of the mice with selective RPE
megalin deletion showed remarkably large and protruding eyes
compared to their Cre-negative littermates (n > 50; Figs. 1A,
1B). Immunohistochemical evaluation of residual RPE megalin
expression on mutant whole eye cross-sections revealed that a
megalin knock out degree of >90% correlated to the severe
megaophthalmos phenotype observed in a quarter of the mice.
In order to mimic the full megalin-deficient RPE cells in DBS
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patients we selected the mice with a distinct megaophthalmos
phenotype and a knockout degree >90% for further detailed
histologic examinations.

Histologic examination of whole-eye cross-sections from
these mice (n ¼ 3–6 eyes in each group) confirmed a
megaophthalmos phenotype observable already at postnatal
day (PND) 14 (Figs. 1C, 1D), only 4 days after Cre-recombinase
expression is present,17,18 suggesting a very fast progressing
phenotype and furthermore that megalin harbors a very
important postnatal role in the RPE. Adult mutant mice (aged
14–17.5 months) also showed a pronounced megaophthalmos
phenotype, with the difference in eye size between affected
Cre-positive mutant and Cre-negative controls appearing to be
even greater (Figs. 1E, 1F). Detailed histologic examination of
the retinas from PND14 and adult (aged 14–17.5 months)
mutant mice furthermore revealed severe thinning of all retinal
layers (Figs. 2B, 2F) as well as hypopigmentation and
abnormally large RPE melanosomes (macromelanosomes,
Figs. 2D, 2H). Such observations were never seen in control
animals (Figs. 2A, 2C, 2E, 2G; n ¼ 3–6 eyes in each group).
Subsequent immunohistochemical detection of the Cre re-
combinase protein in histologic sections from mutant eyes
furthermore showed that the presence of RPE macromelano-
somes correlated with nuclear expression of Cre recombinase
in the RPE cells (Fig. 2I).

Our findings of severe retinal thinning, loss of photorecep-
tor outer segments (Figs. 2F, 2H) and a gross increase in visual
axis identified in the mutant mice with a megaophthalmos
phenotype suggests that postnatal megalin-deficiency in the
RPE is incompatible with normal visual function.

Interestingly, immunohistochemical analyses of ocular
megalin showed a cytoplasmic staining of all RPE cells in
control mice (Lrp2

flox/flox) but only a scarce RPE expression in
BEST1-Cre positive mutant mice (Lrp2

flox/flox, BEST1-Cre; Figs.
3A, 3B; n¼ 3 eyes in each group). In contrast, strong megalin
expression was observed in both genotypes in the adjacent
ciliary marginal zone (Figs. 3C, 3D) supporting the RPE-specific
nature of our model.

Development of Macromelanosomes

To analyze the development of RPE macromelanosomes in
megalin-deficient RPE cells we performed ultrastructural
analyses of retinas from normal and mutant mice at PND5

FIGURE 1. Overall eye size in control and mutant mice. Control (A)
and mutant (B) eyes shown in vivo before enucleation and preparation.
Mutant eyes are clearly protruding and enlarged compared to control
eyes. Representative histologic cross-sections of enucleated eyes from
14-day-old (C, D) and adult (14–17.5 months old; E, F) normal (C, E)
and mutant eyes (D, F) shows a large difference in the overall eye size
between the two groups. Scale bars: C, D, E, and F ¼ 1 mm.

FIGURE 2. Retinal morphology in 14-day-old and adult normal and
mutant eyes. Hematoxylin-eosin–stained histologic cross-section of
control (CTRL, left panel) and mutant (KO, right panel) mouse eyes
shows severe thinning of all retinal layers in both 14-day-old (B) and
adult (14–17.5 months old) (F) mutant mice. Enlargements of the RPE
in these mice are given directly below (C, D, G, H) and shows that RPE
melanosomes of mutant retinas are abnormally large and reduced in
number (melanosomes highlighted by red squares). (I) Immunohisto-
chemical detection of the Cre recombinase in mutant retinas showed a
mosaic expression pattern (Cre recombinase positive nuclei are red
stained, highlighted by green squares) and also that expression of the
Cre recombinase correlates with the presence of macromelanosomes.
Scale bars: A, B, E, F¼ 25 lm and C, D, G, H, I ¼ 5 lm.
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and PND14. As the Cre-recombinase is present from day
P1017,18, analyses of melanosomes at PND5 did not show any
apparent differences, as expected (n ¼ 3–5; Figs. 4A, 4B). In
contrast, histologic examination of mutant retinas from PND14
mice, confirmed a reduction in the number of total melano-
somes and an overt increase in the overall size of the
melanosomes (n ¼ 3–5; Figs. 4C, 4D), as previously seen on
our paraffin sections and as reported in mice with global
megalin deficiency.13 The macromelanosomes did not display
any apparent difference in melanosome maturation stage but
did show shapes that deviated substantially from the normal
ellipsoid shape of RPE melanosomes (Fig. 4D). Interestingly, we
observed numerous macromelanosomes with multi-spherical
shapes indicating fusion events of smaller melanosomes (Figs.
5A, 5B). As electron micrographs are a 2-dimensional (2D)
representation of a 3-dimensional (3D) object, it can be
challenging to distinguish between overlapping and composite
structures. To circumvent this, we performed electron
tomography analyses on thick epon sections of abnormal
melanosomes from mutant P14 retina (Fig. 5C). Within the 3D
tomographic reconstruction (see Supplementary Video 1), the
atypically shaped macromelanosome can be seen to be
comprised of three separate melanosomes, each identifiable
by the perimeters of the packed melanin cores (Figs. 5C, 5D).
The melanosome membranes thus appear to have fused
together resulting in a single limiting membrane encompassing
the entire structure.

Our ultrastructural investigations of mutant P14 RPE cells
(n¼3–4 eyes in each group) furthermore revealed a number of
additional cellular abnormalities. Specifically, we observed loss
of basal infoldings (Fig. 6B), large melanolipofuscin-like
structures (Figs. 6C, 6D), distended and fragmented endoplas-
mic reticulum throughout the cytoplasm (Figs. 6B, 6E),

scattered ribosomes (Fig. 6E), an apparent increase in the
number of Golgi apparatus (Fig. 6F) as well as an absence of
clathrin-coated vesicles, compared to the examination of
control samples (Figs. 6A, 6C, 6D).

DISCUSSION

Megalin is a very large, multiligand endocytic receptor
expressed in multiple ocular structures, which greatly compli-
cates studies of its physiologic and morphologic function in
individual cell types. To investigate a potential role of megalin
in supporting retinal health, we established a transgenic mouse
model with selective, postnatal loss of megalin in the RPE using
Cre recombinase controlled by the BEST1 promoter.17

Cre-
expression controlled by the BEST1 promotor was recently
reported to be greatly influenced by genetic background.17 On
a pure C57BL/6 background the number of Cre-expressing RPE
cells varied between 50% and 90% compared to a more
consistent observation of approximately 90% of Cre-expressing
RPE cells on a mixed B6/129 background. Although our model
was also bred on a mixed B6/129 background we did not
observe the same success in RPE Cre-expression, potentially
due to variations of the genetic backgrounds of the mice used
in the two studies. The influence of genetic background,
combined with an apparent megalin knockout threshold for
development of the megaophthalmos phenotype, are most
likely the major determining factors leading to a relatively low
percentage of mice developing a distinct megaophthalmos
phenotype. Using the BEST1 promoter to drive ocular
expression of the Cre recombinase, we identified a correlation
between low residual megalin RPE expression and an early
onset, rapidly developing megaophthalmos phenotype with
severe retinal thinning and compromised vision. Striking early-
onset myopic/megaophthalmos phenotypes have been report-
ed in a number of megalin-deficient mouse models.13,15,16

Despite observations of increased intraocular pressure in
megalin-deficient zebrafish14 mice with combined megalin
inactivation in the neural retina, RPE, and ciliary body did not
show an increase in intraocular pressure.15 Neither are any
reports of increased intraocular pressure in DBS patients
known to the authors. It is thus very unlikely that development
of an apparently similar megaophthalmos phenotype in our
RPE-specific model should be caused by elevated intraocular
pressure.

In the previously reported megalin-deficient mouse models,
genetic ablation of megalin was introduced during embryonic
development and not in a cell-specific manner as reported
here. Based on investigations of compound heterozygous
global megalin-deficient mice,16 it was recently speculated
that aberrant sonic hedgehog signaling leading to abnormal
proliferation of the retinal marginal zone are the underlying
causes for the megaophthalmos phenotype observed in mice
and patients with megalin defects. However, immunohisto-
chemical analyses of megalin in our BEST1-driven mutant mice
showed a RPE-selective ablation, with sustained normal
expression of megalin in the ciliary marginal zone confirming
previous reports of RPE-specific Cre-expression.17,18 Despite
the postnatal RPE-specific deletion of Lrp2, we observed a
highly similar, early-onset (PND14) megaophthalmos pheno-
type with severe retina thinning in our mutant mice. This
suggests that absence of megalin in the RPE is an essential
factor causing or contributing to the high myopia/megaoph-
thalmos phenotype observed in patients, mice, and fish with
megalin-deficiency. Furthermore, the Cre recombinase expres-
sion is reported to initiate at PND10 when controlled by the
BEST1 promoter (Iacovelli et al.,17 Zhao et al.18) and
megaophthalmos is present already at PND14 in our mutant

FIGURE 3. Immunohistochemical localization of megalin in control
and mutant eyes. (A–D) Whole eye sections labeled with anti-megalin
(green) and propidium iodide (red). Megalin is detected throughout
the retina pigment epithelium in control mouse eyes (A) but only in a
mosaic pattern in mutant eyes (B). Strong megalin expression is seen in
the CMZ of both control (C) and mutant (D) eyes. RPE nuclei are
indicated with white asterisks. ONL, outer nuclear layer; CMZ, ciliary
marginal zone. Scale bars: A, B, C, and D¼ 10 lm.

Ocular Changes in RPE Specific Megalin Deficiency IOVS j January 2019 j Vol. 60 j No. 1 j 325

https://iovs.arvojournals.org/data/journals/iovs/937739/iovs-59-15-05_s01.pdf


mice, indicating that megaophthalmos can develop very
rapidly in the early postnatal period and that megalin appears
to harbor a key role in preventing this from happening.

The RPE monolayer is situated between the neuroretina and
the choroid, serving multiple roles including metabolic
support of the retina, recycling of retinal chromophores,
absorption of scattered light, and phagocytosis of shed
photoreceptor outer segments.22 The RPE is furthermore a
significant source of cytokines and growth factors23 and
known to express receptors for many of the factors known
to be involved in regulation of eye growth and myopia.24 Thus,
the RPE occupies an ideal anatomic location for conveying
growth regulatory signals from the retina to the choroid and
sclera. Although our understanding of retinoscleral signaling in
myopia and eye growth is still in its infancy, accumulating
evidence suggests the RPE holds a central role.24

Recent studies associated polymorphisms of the gene
encoding insulin-like growth factor-1 (IGF-1) with high myopia
in Egyptian25 and Chinese26 patients. Interestingly, megalin has
been shown to bind to the IGF-1 receptor and suggested to
mediate transcytosis of IGF-1 in the choroid plexus epitheli-
um.27,28 The IGF-1 receptor is a transmembrane receptor
belonging to the large class of tyrosine kinase receptors. From
detailed studies of the epidermal growth factor receptor
(EGFR), another member of the tyrosine kinase receptors, it
is evident that endocytosis and intracellular sorting of this
receptor complex may be key for signal duration.29 Thus, it
could be speculated that, if megalin facilitates internalization of

the IGF-1-receptor complex, megalin could possibly also
downregulate IGF-1 cell signaling by targeting the IGF-1-
receptor complex for lysosomal degradation as seen for many
of the established megalin ligands.7 An absence of megalin in
the RPE could thus potentially lead to increased IGF-1 signaling
in the eye and aberrant eye growth with the associated
development of high myopia.

The secreted glycoprotein sonic hedgehog (Shh)30 is
important for eye morphogenesis,31 but is also a key
morphogen and signaling molecule during embryonic devel-
opment in general. Similarities of neuronal abnormalities of
mice deficient in either Shh or megalin, led to investigations of
a functional relationship of the two.32 In vitro studies showed
that megalin is able to bind and internalize Shh suggesting that
megalin may be involved in modulating Shh signaling in
megalin-expressing tissues. Interestingly, investigations of
form-deprivation myopia in mice and guinea pigs showed that
increased Shh signaling influenced myopia development,33,34

as well as postnatal eye growth.33 Taken together, this might
cause one to speculate that absence of megalin in the RPE
could lead to increased retinoscleral Shh signaling, thus
contributing to dysregulated eye growth and development of
myopia. Although very interesting, a potential role for megalin
in IGF-1 and/or Shh signaling remains purely speculative at this
point and calls for future detailed studies into the relevant
growth factors and receptors.

Pigment changes in the ocular fundus have been reported in
a number of DBS patients,1 but never investigated in detail. We

FIGURE 4. RPE ultrastructure in control and mutant mice. Transmission electron micrographs of the outermost retinal layers in control (CTRL, left

panel) and mutant mice (KO, right panel) shows no apparent ultrastructural differences in 5-day-old mice (A, B). In contrast, we observed a large
number of ultrastructural abnormalities in 14-day-old mutant mice (D) including thinning of the photoreceptor outer segment layer,
macromelanosomes, melanolipofuscin-like structures, as well as a loss of basal infoldings. Scale bars: A, B, C, and D¼ 2 lm.
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recently reported the presence of abnormally large RPE
melanosomes in globally megalin-deficient mice.13 In the
present study, using RPE-specific megalin-deficient mice we
investigated the ultrastructure and the formation of these
macromelanosomes in the postnatal period. We observed no
apparent differences in size or shape of RPE melanosomes at
PND5, consistent with the onset of the Cre recombinase at day
PND10.17,18 However, our data also showed that striking
abnormalities in melanosome size and shape developed in the
megalin-deficient mice in only 4 days, between the onset of Cre

recombinase expression at day PND10 and ultrastructural
analyses at day PND14. Our detailed electron tomography
analyses of the abnormal melanosomes, showing a single
membrane encompassing multiple melanin-rich cores, suggest
that the formation of macromelanosomes in megalin-deficient
RPE cells is caused by fusion events between multiple
melanosomes.

The RPE is a nonproliferative epithelium and RPE melano-
some biogenesis is believed to be largely concluded before
birth in mice.35 However, our data suggested that megalin-
deficiency introduces a postnatal plasticity to RPE melano-
somes. RPE melanosome biogenesis is particularly difficult to
study due to a lack of good simple in vitro models. This is

mainly because primary RPE cells in culture and immortalized
RPE cell lines generally do not display melanosome de novo
biogenesis although pigmentation has been observed in RPE
cells derived from induced pluripotent stem cells. Thus, our
data contributes valuable and rare insight into RPE melano-
some biology and suggests that the mature melanosome
population may not be as stable as previously thought,
requiring megalin-related trafficking activity to maintain
melanosome number and morphology.

RPE macromelanosomes have been reported in other
genetic disorders including ocular albinism type 1 (OA1)36

and Chediak-Higashi syndrome (CHS).37,38 Defects in the OA1
gene interfere with the stop signal for melanosome growth
resulting in abnormally large but otherwise round and elliptical
melanosomes.39 In contrast, ultrastructural investigations of
RPE melanosomes in patients,40 cats,37 and mice38 with CHS
display striking similarities in size and shape irregularities to
the abnormal melanosomes in the megalin-deficient RPE cells.
Melanosomes are considered lysosome-related organelles and
share a common biogenesis pathway with lysosomes.41

Interestingly, it is defects of the lysosomal trafficking regulator
(LYST) that result in Chediak-Higashi syndrome and accumu-

FIGURE 5. RPE melanosome ultrastructure in 14-day-old mutant mice. High magnification transmission electron micrographs showing the abnormal
size and multispherical shapes of selected macromelanosomes from 14-day-old mutant RPE cells (A, B; n¼ 4). Still frame from a 3D tomographic
analysis (see Supplementary Video 1) of a thick epon section from a 14-day-old mutant RPE cell (C). The multispherical shape of the
macromelanosome is surrounded by a single limiting membrane encompassing the entire structure (highlighted in green) and is comprised of three
separate melanosomes, each identifiable by the perimeters of individual packed melanin cores (highlighted in red [D]). Scale bars: A, B¼ 1 lm and
C, D ¼ 200 nm.
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FIGURE 6. RPE cell ultrastructure in control and mutant 14-day-old mice. Transmission electron micrographs of RPE cells from control (A, C, [zoom
of region in A] and D) and mutant (B, E, F, G) 14-day-old mice illustrating the ultrastructural abnormalities identified in mutant mice including loss of
basal infoldings (B), large melanolipofuscin-like structures (B, E), distended and fragmented endoplasmic reticulum throughout the cytoplasm (B, F,
G), scattered and detached ribosomes (example indicated by small black box [F, G]), apparent increased number of Golgi apparatus (G) as well as a
general absence of clathrin-coated vesicles (B, F, G). BI, basal infoldings; BM, basal membrane; ccv, clathrin-coated vesicles; dER, dilated
endoplasmic reticulum; G, Golgi apparatus; M, melanosome; Mit, mitochondrion; ML, melanolipofuscin-like; POS, photoreceptor outer segment; Pr,
polyribosome. Scale bars: A, B, G ¼ 1 lm, C, D¼ 500 nm; E, F ¼ 200 nm.
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lating evidence suggests that LYST is involved in regulation of
lysosomal vesicle fission and/or fusion.42,43

Ultrastructural investigations of proximal tubular cells from
megalin-deficient mice have similarly revealed significant
abnormalities of the endolysosomal system44,45 indicating that
the melanosome abnormalities observed in the megalin-
deficient RPE cells may be due to disturbances in the
melanosome biogenesis pathway. However, detailed cellular
studies of megalin-deficient RPE cells are needed to verify this.

Previous mouse models of megalin-deficiency have been
based on embryonic deletion of megalin, compromising either
survival rates and/or embryonic eye development. Our novel,
RPE-specific mouse model has provided the opportunity to
study the postnatal role of megalin in ocular morphology.
Importantly, it has enabled us to investigate the pigment
changes observed in DBS patients and to conclude that lack of
megalin in the RPE significantly contributes to the high myopia
consistently observed in DBS patients.

In conclusion, postnatal RPE-specific ablation of megalin in
mice produces a rapidly developing megaophthalmos pheno-
type with retinal thinning, RPE macromelanosomes, and
compromised vision. Our detailed ultrastructural investigations
of RPE melanosomes furthermore provided valuable and rare
basic cell biological insight into postnatal RPE melanosome
plasticity.
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