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Abstract

Vps35 (vacuolar protein sorting 35) is a major component of retromer that selectively pro-

motes endosome-to-Golgi retrieval of transmembrane proteins. Dysfunction of retromer is a

risk factor for the pathogenesis of Parkinson’s disease (PD) and Alzheimer’s disease (AD).

However, Vps35/retromer’s function in the eye or the contribution of Vps35-deficiency to

eye degenerative disorders remains to be explored. Here we provide evidence for a critical

role of Vps35 in mouse corneal dystrophy. Vps35 is expressed in mouse and human cornea.

Mouse cornea from Vps35 heterozygotes (Vps35+/-) show features of dystrophy, such as

loss of both endothelial and epithelial cell densities, disorganizations of endothelial, stroma,

and epithelial cells, excrescences in the Descemet membrane, and corneal edema. Addi-

tionally, corneal epithelial cell proliferation was reduced in Vps35-deficient mice. Intriguingly,

cell surface targeting of SLC4A11, a membrane transport protein (OH- /H+ /NH3 /H2O) of

corneal endothelium, whose mutations have been identified in patients with corneal dystro-

phy, was impaired in Vps35-deficient cells and cornea. Taken together, these results sug-

gest that SLC4A11 appears to be a Vps35/retromer cargo, and Vps35-regulation of

SLC4A11 trafficking may underlie Vps35/retromer regulation of corneal dystrophy.

Introduction

Retromer that contains two sub-protein complexes-the cargo-selective complex and mem-

brane deformation complex is essential for selective retrieval of transmembrane proteins/car-

gos from endosomes to trans-Golgi network [1–5]. Vps35 (vaculor protein sorting 35) is the

key component of the cargo-selective complex, a trimer of Vps proteins Vps35, Vps29, and

Vps26 [2, 3, 6, 7]. Dysfunction of Vps35/retromer is believed to be a risk factor for neuro-

degenerative disorders [8], including Parkinson’s disease (PD) and Alzheimer’s disease (AD)

for the following reasons. Mutations in Vps35 gene has been identified in patients of late-

onset PD [9, 10] and early onset AD [11]. The retromer complex (e.g., Vps35 and Vps26) is
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decreased in the postmortem hippocampus of AD patients [12]. Vps35 or Vps26 deficient ani-

mals display partial AD and PD-relevant neuropathologic deficits, including increased β-amy-

loid (Aβ) in the hippocampus [12, 13], (a major culprit of AD), and elevated α-synuclein with

reduced dopamine neurons in the substantia nigra [14–20] (both PD-linked neuropathologic

deficits). Vps35 haploinsufficiency in Tg2576 mouse model of AD enhances Aβ-associated
neuropathology [13]. Suppression of Vps35 expression in embryonic hippocampal neurons by

in utero electroporation of miRNA-Vps35 results in “degenerative-like” phenotypes [21].

Interestingly, Vps35-deficient mice also showed retinal degenerative pathology. Vps35 is

selectively expressed in retinal ganglion cells (RGC) in the retina and the RGC dendrites and

axon fibers showed degenerative-like deficits in Vps35 mutant retina [22]. Together, these

observations have pointed to a role of Vps35/retromer in preventing neuro-degeneration, sup-

porting the view for Vps35/retromer-deficiency as a general risk factor for neurodegenerative

disorders.

Does Vps35-deficiency contribute to the pathogenesis of other tissue/cell degenerative dis-

orders? In light of the following observations, we speculate that Vps35 also plays an important

role in preventing non-neuronal cell “degeneration”. Vps35 is widely expressed in numerous

cell types, including epithelial cells, and endothelial cells, in addition to neurons [23, 24].

Vps35 is necessary for functions in various cell types, including osteoclasts [25], osteoblasts

[26], intestine [24], and neurons [21, 27]. . .

In our studies of Vps35’s function in the retina, we found that Vps35 is not only expressed

in RGCs, but also in cornea. We thus further investigated Vps35’s function in cornea. Cornea

is a critical “skin” for eye protection, and a main “ocular media” of the eye that transmit light

and provide 70–75% of refractive power [28]. Cornea consists of a stratified non-keratinizing

epithelial cell layer, a thick highly aligned collagenous stroma interspersed with keratocytes,

and a single cell layered endothelium [29]. Dysregulation of corneal development results in

multiple corneal dystrophy syndromes or disorders, such as FECD (Fuchs endothelial corneal

dystrophy), CHED2 (congenital hereditary endothelial dystrophy), and CDPD (corneal dys-

trophy and perceptive deafness) [28–34]. These corneal dystrophy disorders have common

features of corneal pathology- loss of cell density, excrescences in the Descemet membrane,

and corneal edema [31, 32]. Genetic mutations have been identified in multiple genes in

patients with these corneal dystrophy disorders. It is of particular interest to note that muta-

tions in SLC4A11 gene cause corneal disorders including CHED2 and FECD [35–40].

SLC4A11, a member of the SLC4 family, is an integral membrane protein and abundantly

expressed in cornea. SLC4A11 has been reported to mediate a variety of functions, including

Na+ coupled OH− transport, Na+ independent H+(OH−) transport, H+/NH3 co-transport,

NH3 transport, and water transport [41], and its cell surface distribution is critical for its func-

tion [40, 42, 43]. Thus, investigating how SLC4A11 trafficking is regulated is of considerably

interest.

In this paper, we provide evidence for loss of Vps35 in mouse cornea causes corneal dystro-

phy. Vps35 is expressed in developing mouse cornea. Cornea from Vps35 heterozygotes

(Vps35+/-) mice show morphological features of dystrophy, such as edema-relevant increased

cell size and cornea thickness, disorganized cell distribution, altered cell density, and excres-

cences in the Descemet membrane. Mechanical studies suggest that Vps35 is necessary to

promote cell surface targeting of SLC4A11, a membrane transport protein of corneal endothe-

lium. Taken together, these results led to the hypothesis that Vps35 is necessary to regulate

SLC4A11’s cell surface distribution and function, which may underlie Vps35 regulation of cor-

nea dystrophy.

Loss of Vps35 causes corneal dystrophy
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Materials andmethods

Animals and reagents

Vps35 mutant mice have been described previously [13, 21, 25]. Mice were maintained on a

standard rodent diet and in a standard facility at Augusta University. Animal care was

approved by the Institute of Animal Care and Use Committee (IACUC) at the Augusta Uni-

versity according to the National Institute of Health guidelines.

The following reagents were used: mouse anti-Neuronal Class III ß-Tubulin (Thermo

Fisher Scientific, Catalog #:32–2600); rabbit anti-Ki67 antibodies (Abcam, Catalog #:

ab15580); chicken anti- ß-galactosidase antibody antibodies (Abcam, Catalog #: ab9361) rabbit

anti-SLC4A11 antibodies (Thermo Fisher Scientific, Catalog #: PA5-53730). Rabbit polyclonal

anti-Vps35 antibody was generated against the murine Vps35 C-terminal sequence by Coca-

lico Biologicals, Inc. (PA, USA) as described previously [13]. Phalloidin-fluorescent conjugates

were purchased fromMolecular Probes (Thermo Fisher Scientific, Catalog #:A12379). For

immunofluorescence analysis, the secondary antibodies were Alexa Fluor-488 or Alexa Fluro-

594 conjugated anti-mouse or anti-rabbit antibodies (Invitrogen). For Western analysis, the

secondary antibodies used were horseradish peroxidase (HRP)-conjugated anti-mouse IgG or

anti-rabbit IgG antibodies (Santa Cruz Biotechnology, Inc.). All cell culture reagents were pur-

chased from Thermo fisher.

Ethics statement

The animal study was performed in strict accordance with the recommendations in the Guide

for the Care and Use of Laboratory Animals of the National Institute of Health. The protocol

was approved by the Institute of Animal Care and Use Committee (IACUC) at the Augusta

University according to the National Institute of Health guidelines (Permit Number:

0000284108).

Corneal, retina, and lens samples

Vps35+/+ or Vps35+/-mice were anaesthetized by CO2 and sacrificed by dislocation. Their eyes

were excised. For cross sectioning, the eyes were immediately embedded in OCT medium

(Sakura Finetek, Torrance, CA), and frozen at -80˚C for 2h. 20μm-thick sections were cut on a

cryostat and mounted onto SuperFrost Plus slides (Thermo Fisher). For flat-mounted samples,

after eyes excised, the corneas were removed and fixed in 4% paraformaldehyde in 0.1 M PBS

at 4˚C for 24 h. For immunofluorescence staining, the cross-section samples were post-fixed

in 4% paraformaldehyde in 0.1 M PBS at 4˚C for 4 h.

H&E staining

For H&E staining, the sections were post-fixed in 4% paraformaldehyde in 0.1 M PBS at 4˚C

for 10 minutes, washed with distilled water, stained in hematoxylin solution for 1 minute,

washed in running tap water for 2 minutes, differentiated in 1% acid alcohol for 5 seconds,

washed with running tap water for 1 minute, blued in 0.2% ammonia water for 5 seconds,

washed in running tap water for 1 minutes, counterstained in eosin Y solution for 30 seconds,

washed with running tap water for 1 minute, then dehydrated with alcohol, cleared with xylene

and mounted.

Immunofluorescence staining and confocal imaging

For immunofluorescence staining analysis, cross-sections were post-fixed with 4% PFA at

room temperature for 4h, flat mounts or cross-sections were permeabilized with 0.3% Triton

Loss of Vps35 causes corneal dystrophy
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X-100 at room temperature for 20 min, and blocked with 10% horse serum and 5% BSA at

room temperature for 2h. Flat mounts or sections were incubated for 24h at 4˚C in primary

antibodies. Antibodies used were rabbit polyclonal anti-Vps35 (1:1,000), rabbit polyclonal

anti-ß-galactosidase (1:1,000), rabbit polyclonal anti-SLC4A11 (1:500), mouse monoclonal

anti-α-tubulin (1:1,000), chicken polyclonal anti-ß-galactosidase (1:1,000), phalloidin

(1:1,000), and anti-Ki67 (1:1,000). Flat mounts or sections were incubated with appropriate

fluorescent secondary antibodies at room temperature for 2h, then incubated with Topro3

(1:5,000) at room temperature for 10min. Slides were mounted using VECTASHIELD mount-

ing medium. The stained slices were imaged using a confocal laser-scanning microscope

(Nikon C1 confocal system). The acquired images were processed using the NIS (Nikon) or

Adobe Photoshop (Adobe Systems) and analyzed with the ImageJ (http://rsbweb.nih.gov/ij/).

Western blotting

Cornea tissues were washed twice with ice-cold 1× PBS and resuspended in ice-cold lysis

buffer. The lysis buffer comprised 50 mM Tris-HCl pH 7.4, 100 mMNaCl, 10% glycerol, 1%

Triton X-100, and was supplemented with proteinase inhibitors cocktail tablets (Thermo

Fisher). The lysates were centrifuged at 14,000g for 15 minutes at 4˚C. Protein concentrations

of the lysates were determined with BCA protein assay kit (Thermo Fisher). Western blotting

using ECL and Odyssey infrared imaging system (LI-COR Biosciences) were performed as

described previously [19, 20].

Plasmids, HEK293 Cell culture, and transfection

Wild type (WT) SLC4A11 was amplified from mouse kidney cDNA and cloned into the

pEGFP-N1 expression vector. The complete cDNA sequence was verified by DNA

sequencing.

Human embryonic kidney 293 (HEK 293) cells were grown in DMEMmedia (Corning),

supplemented with 10% heat-inactivated fetal bovine serum and 0.5% penicillin streptomycin

solution, at 37˚C. HEK 293 cells were transiently transfected with 2.5 μg of wild-type or mutant

SLC4A11 plasmids using polyethylenimine (PEI) (Sigma) as described previously [13, 19].

Cells were seeded at a density of 5 × 104 cells on coverslips for microscopy.

Statistical analysis

All data were expressed as means ± SEM. Three to four mice per genotype per assay were used.

Three to four positions were quantified for immunostaining analyses. Statistical analysis was

performed using GraphPad Prism 6 software (GraphPad software, La Jolla, CA, USA). Data

were analyzed by unpaired t test for comparison between two groups; or by multifactorial anal-

ysis of variance (ANOVA) followed by Tukey’s post hoc tests for multiple comparisons with

two-tailed test. The significance level was set at P< 0.05.

Results

Corneal dystrophy-like deficit with normal lens and retina lamination in
Vps35-deficient mice

To address whether Vps35-deficiency is a risk factor for retinal neuro-degeneration, we exam-

ined the retina morphology in young adult heterozygote (Vps35+/-) mice, which have a normal

life-span, whereas the homozygotes (Vps35-/-) die early during embryonic development [22].

H & E histological examinations of cross sections of whole eye showed a well-organized layer

structure without obvious photoreceptor neuron degeneration in Vps35+/-mice, compared to

Loss of Vps35 causes corneal dystrophy
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Vps35+/+ (WT) controls (Fig 1A). The lens in the mutant eye, viewed by H & E staining and

immunostaining analysis of β-catenin, appeared to be normal (Fig 1A and S1 Fig). However,

the cornea was obviously thicker and abnormal in Vps35+/- eye (Fig 1A).

We next examined corneal morphology from various ages of WT and mutant mice with

higher power magnification (Fig 1B–1F). WT Cornea consists of three layers: a stratified non-

keratinizing epithelial cell layer, a highly aligned collagenous stroma, and an endothelial cell

layer (Fig 1B). In developing WT epithelium, a remarkable level of differentiation during

aging was detected: from one layer of cells in P15 to four or five layers in P60, then reduced to

two to three layers of cells in P90 (Fig 1B and 1C). In contrast fromWT controls, the mutant

epithelial cells from various age-groups were disorganized (Fig 1B and 1C); the thickness of

mutant epithelium varied among different age groups (Fig 1B and 1C); and the cell densities in

all age-groups were reduced (Fig 1B and 1C). In WT stroma, highly organized extracellular

matrixes and nuclei stacked in an orthogonal pattern were detected (Fig 1B). In contrast, the

cells in the mutant stroma were also disoriented (Fig 1B and 1D), a similar deficit as that of

mutant epithelium. Different from that of the mutant epithelium, the mutant stroma became

thicker in P30 or older mice, and cell densities in all age-groups were increased (Fig 1B, 1D

and 1E). In addition to epithelium and stroma, the mutant endothelium was also disturbed.

Whereas WT endothelium exhibited single layer of cells distributed in parallel with the stroma

cells (Fig 1B), the mutant endothelial cells were enlarged in size and disoriented in their distri-

bution, but without an obvious change in their cell density (Fig 1B and 1F). Interestingly,

excrescences in the endothelial membrane was notable in the P90 mutant cornea (Fig 1B).

These morphological alterations (e.g., enlarged cell size, disorganized cell distribution, altered

cell density, increased thick-ness, and excrescences in the endothelial membrane) in Vps35+/-

cornea resembled in certain degree to that of corneal dystrophy-like deficit.

We then verified some of these morphological alterations by fluorescence staining analysis.

Indeed, the cell nuclei sizes labeled by Topro3 in mutant cornea, including epithelial, endothe-

lial, and stromal cells, were all enlarged with a disorganized distribution pattern (Fig 2A–2F).

Additionally, the phalloidin labeled F-actin filaments and α-tubulin marked microtubules,

both critical cytoskeletons that determine cell morphology, appeared to be disorganized in the

mutant endothelial cells (Fig 2A, 2B and 2D). F-actin filaments in the mutant basal epithelium

were reduced (Fig 2E and 2G). These results are in line with the view of the enlarged nuclei

sizes in both epithelial and endothelial cells and disorganized endothelial cytoskeleton/

morphology.

Vps35 expression in cornea

To understand how Vps35 regulates corneal morphology, we examined Vps35’s expression in

mouse cornea. Western blot analysis showed its expression from P1 to all the ages examined,

with a marked increase after eyelid opening (~P15) (Fig 3A). An age-dependent increase of

Vps35’s expression was also detected in human corneal endothelium microarray database (S2

Fig) [44]. We then took advantage of Vps35+/-mice, in which LacZ gene is knocked in the

intron of Vps35 gene [13, 21, 25], thus it was used as a reporter for Vps35’s expression in

mouse cornea (Fig 3B and S3 Fig). As the results by Western blot analysis, the LacZ activity

(β-gal) was also detected in developing mouse cornea in all the ages examined (Fig 3B and 3C,

S3 Fig). Interestingly, the β-gal was distributed in the epithelial layer of Vps35+/-, but not

Vps35+/+, cornea (Fig 3B), demonstrating the specificity of the staining. Vps35 protein distri-

bution in epithelial layer was further confirmed by immunostaining analysis using antibodies

against Vps35 and β-gal (Fig 3C and 3D). The immunostaining signal appeared to be specific,

as anti-Vps35 signal was reduced, but anti-β-gal was detected, in Vps35+/- cornea, compared

Loss of Vps35 causes corneal dystrophy
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Fig 1. Abnormality of corneal morphology in Vps35+/- cornea. (A) H & E staining analysis of cross sections of retina and cornea from
P90 old Vps35+/+ and Vps35+/-mice. a and a’: retina from Vps35+/+ and +/-mice, respectively; b and b’: cornea from Vps35+/+ and +/-mice,
respectively. (B)Higher power magnification of H & E staining analysis of cornea from Vps35+/+ and +/- mice at indicated ages. Cells’ nuclei
in stroma and endothelium were marked with dotted lines. (C–F)Quantification analyses of data from (B). Epithelium cell density was
decreased in Vps35 +/- cornea (C); Endothelium thickness (F), stroma thickness (D), and stroma cell density (E)were all increased in
Vps35 +/- cornea. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer
nuclear layer; OS, outer segment; IS, inner segment. Epi, corneal epithelium; St, corneal stroma; Endo, corneal endothelium. Scale bars,
100 μm.

https://doi.org/10.1371/journal.pone.0184906.g001

Loss of Vps35 causes corneal dystrophy
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Fig 2. Enlarged nuclei sizes and disorganized cytoskeleton in Vps35+/- corneal epithelium and endothelium. (A-B) Immunostaining
analysis using anti α-tubulin antibodies or phalloidin (to label F-actin) and Topro3 (to mark nuclei) of flat-mounted corneal endothelium from
Vps35+/+ and +/-mice at indicated ages. Representative images were shown. (C-D)Quantification analysis of data from (A-B). The nuclei
sizes were enlarged and the cytoskeleton structures were disorganized in Vps35+/- corneal endothelium. Cells with cytoskeletal filaments in
the nucleus are considered as cells with “altered cytoskeletal distribution” in (D). (E) Imaging analysis of phalloidin and Topro3 stained flat-
mounted corneal basal epithelium from P60 Vps35+/+ and +/-mice. (F-G)Quantification analysis of data from (E). The nuclei sizes were also
enlarged and the F-actin filaments were decreased in Vps35+/- corneal basal epithelium. In Fig 2C and 2F, Total 200 nucleus from 4 different
mice in each group were measured. Scale bars, 10 μm.

https://doi.org/10.1371/journal.pone.0184906.g002
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to Vps35+/+ controls (Fig 3C and 3D). In addition to basal epithelial cells, Vps35 by both anti-

Vps35 and β-gal antibodies was detected in stroma cells (Fig 3C), as well as endothelial cells

(Fig 3C, indicated by open arrows) in neonatal and young adult cornea. These results suggest

that Vps35 is widely expressed in developing mouse cornea, with a peak level at P15.

Reduced cell proliferation in Vps35-deficient corneal epithelium

Corneal basal epithelial cells are critical for epithelial cell proliferation, differentiation, and

regeneration. The high level of Vps35 expression in this layer and the reduced epithelial cell

density in Vps35+/- cornea led to the speculation for Vps35’s function in regulating epithelial

cell proliferation. To test this speculation, immunostaining analysis of Ki67, which markers

proliferative cells, was carried out in varies aged flat-mounted Vps35+/+ and +/- cornea (Fig 4A

and 4B). Indeed, obvious reductions in the number of Ki67 positive cells were detected in the

P7 or older mutant cornea (Fig 4A and 4B). Consistently, anti-Ki67 staining analysis of cross

sections of P7 and P30 cornea also showed decreased Ki67 positive cells in central regions of

Fig 3. Vps35 expression in developingmouse cornea. (A)Western blot analysis of Vps35 expression in cornea from Vps35+/+ and +/- at
indicated ages. (B) X-gal staining (Blue color) analysis for the LacZ gene expression in Vps35+/- retina and cornea. It was negative in
Vps35+/+ controls due to lacking LacZ gene insertion. (C)Co-immunostaining analysis in cross sections of cornea from P30 and P180
Vps35+/+ and +/-mice using anti-Vps35 andβ-gal antibodies. Representative projected images were shown. (D)Confocal imaging analysis of
P60 flat-mounted cornea immunostained with anti-Vps35 antibodies. Vps35 was positive in both corneal basal and superficial layers of
epithelium. Epi, corneal epithelium; St, corneal stroma; Endo, corneal endothelium. Scale bars, 20 μm.

https://doi.org/10.1371/journal.pone.0184906.g003
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Vps35+/- cornea (Fig 4C and 4D). Note that the Ki67 positive cells were detectable not only in

P7 epithelial cells, but also in P7 stroma and endothelial cells (Fig 4C), whereas in P30 cornea,

Ki67 positive cells were restricted to the basal epithelial cell layer (Fig 4C). Together, these

results suggest that Vps35 is necessary for developing corneal cell proliferation, in particularly,

the basal epithelial cell proliferation.

Fig 4. Reduced epithelial cell proliferation in Vps35+/- cornea. (A-B) Immunostaining analysis of flat-mounted cornea from Vps35+/+ and
+/-mice at indicated ages using anti-Ki67 antibodies. Representative images were shown in (A), and Quantification analysis was presented
in (B). At periphery area of cornea (where limbus stem cells located), the Ki67 positive cells were obviously reduced in Vps35+/- cornea,
compared with the controls. (C-D) Immunostaining analysis of cross sections of cornea from P7 and P30 Vps35+/+ and +/-mice using anti-
Ki67 antibodies. Representative images were shown in (C), and Quantification analysis (mean +/- SEM, n = 3 each group of each genotype,
*, P < 0.05) was presented in (D). At central area of cornea, the Ki67 positive cells were also decreased in Vps35+/- cornea. Epi, corneal
epithelium; St, corneal stroma; Endo, corneal endothelium. Scale bars, 20 μm.

https://doi.org/10.1371/journal.pone.0184906.g004
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Impaired cell surface targeting of SLC4A11 in Vps35-deficient cells and
reduced SLC4A11 in Vps35-deficient corneal endothelium

The multiple cellular deficits in the mutant cornea implicate a complex of molecular cellular

mechanisms that may underlie Vps35 regulation of corneal morphology. As the deficit similar

to the pathology of corneal dystrophy, we speculate that Vps35/retromer, via its various cargos

in cornea, plays an important role in suppressing corneal stroma edema and promoting cell

proliferation. We thus searched the literature for membrane proteins (potential retromer car-

gos) that are mutated or lost in patients with corneal dystrophy. Among which, SLC4A11

attracted our attention for the following reasons. First, SLC4A11 is a multiple transmembrane

domain containing protein that acts as a transporter critical for ion and water homeostasis

[45]. Second, numerous mutations in SLC4A11 gene have been identified in multiple corneal

dystrophy disorders, including FECD, CHED2, and CDPD [35–37, 39, 40, 46]. Third, a

SLC4A11 related family member, SLC4A7, has been identified as a potential cargo of retromer

in Hela cells [47]. To test if SLC4A11 is a Vps35’s cargo, we examined whether they form a

complex and if Vps35-deficiency results in a defect of SLC4A11’s cellular distribution.

HEK293 cells were co-transfected SLC4A11-GFP with control (scramble) and miRNA-Vps35.

In control cells, whereas SLC4A11 was mainly distributed in the cell surface, factions of

SLC4A11 was indeed co-localized with endogenous Vps35 in the peri-nuclei region (Fig 5A

and 5B). Vps35-deficiency by its miRNA resulted in an altered distribution of SLC4A11, and

many (~50%) Vps35-deficient cells show impaired SLC4A11’s cell surface distribution (Fig 5A

and 5C). Although SLC4A11 was largely distributed in the peri-nuclei regions of Vps35 defi-

cient cells, it’s co-localization with trans-Golgi network was reduced (Fig 5D and 5E), but its

distribution in endosomal compartments, both EEA1 labeled early endosomes and Lamp1

marked late endosomes/early lysosomes, was increased (Fig 5D–5G). These results suggest

that SLC4A11 appears to be a Vps35/retromer cargo, whose cell surface targeting depends on

Vps35’s function.

We further tested this view in WT and Vps35 deficient cornea. As reported, SLC4A11 is

largely distributed in the corneal endothelium, but weakly in the basal epithelial cells and stro-

mal cells by immunostaining analysis of cross corneal sections (Fig 5H). In the mutant cross

corneal sections, SLC4A11’s endothelial distribution was marked reduced (Fig 5H). We fur-

ther verified the altered SLC4A11’s distribution by immunostaining analysis of the whole

amounts of cornea from P30 and P90WT and mutant mice. Indeed, the endothelial SLC4A11

was lower, in the mutant cornea than those in WT controls (Fig 5I and 5J). These results sup-

port the view for SLC4A11 as a retromer cargo in cornea, implicating a differential retromer

regulation of SLC4A11 in a cell type dependent manner.

Discussion

Fuchs endothelial corneal dystrophy (FECD) is a common disease characterized by progressive

loss of endothelial cells, thickening of the Descemet membrane, and deposition of extracellular

matrix in the form of guttae. Advanced cases result in corneal edema and vision loss. Genetic

mutations are believed to be a major risk factor for the pathogenesis of FECD, and mutations

in several genes, including SLC4A11, have been identified in patients with FECD. However,

exactly how these mutations cause the disorder remains to be explored. Here we present evi-

dence for Vps35-deficiency to cause FECD-like pathology in a mouse model. First, Vps35 is

expressed in developing mouse cornea; Second, Vps35-deficiency cornea show dystrophy like

morphology, with increased cornea thickness and cell size, disorganized cell distribution,

excrescences in the Descemet membrane and corneal edema. Third, cell proliferation is

reduced in Vps35-defcient cornea. Finally, the endothelial SLC4A11 protein level was lower,
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in the Vps35-defcient cornea than those in WT controls. Based on our cell biological studies,

we have proposed a working model depicted in Fig 6. In this model, corneal endothelial Vps35

is necessary for SLC4A11’s endosome-to-Golgi trafficking, and thus promoting SLC4A11’s cell

surface targeting and protein stability, which may underlie Vps35’s involvement in the patho-

genesis of corneal dystrophy.

How does loss of Vps35 cause corneal dystrophy? Vps35, a key component of retromer,

selectively regulates endosome-to-Golgi retrieval of membrane proteins. It is possible for sev-

eral Vps35/retromer’s cargos in corneal endothelium to underlie Vps35’s function. However,

we speculate that SLC4A11 acts as a new Vps35 cargo in this event for the following reasons.

First, our cellular and in vivo studies have shown that Vps35 is necessary for SLC4A11 cell sur-

face targeting (Fig 5), and Vps35 deficiency caused a loss of SLC4A11 protein (Fig 5); Second,

Fig 5. Impaired cell surface targeting of SLC4A11 in Vps35-deficient cells and reduced SLC4A11 in Vps35-deficient corneal
endothelium. (A-G)HEK293 cells transfected with SLC4A11-GFP with control and miRNA-Vps35 were subjected to co-immunstaining
analyses using indicated antibodies. Representative confocal images were shown in (A and D); and quantification analyses (mean +/- SEM,
n = 20 cells, *, p<0.05) were presented in (B-C, E-G). Scale bars, 20 μm. (H)Co-Immunostaining analysis using anti-SLC4A11 and β-gal
antibodies of cross-mounted cornea from P30 Vps35+/+ and +/-mice. Scale bars, 20 μm. (I-J) Immunostaining analysis using anti-SLC4A11
antibodies of flat-mounted cornea from P30 and P90 Vps35+/+ and +/-mice. Scale bars, 20 μm. Epi, corneal epithelium; St, corneal stroma;
Endo, corneal endothelium. Representative images were shown in (I), and Quantification analysis was presented in (J) (mean +/- SEM,
n = 4 mice/each group, *, p<0.05).

https://doi.org/10.1371/journal.pone.0184906.g005
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mutations in SLC4A11gene, which result in a loss of SLC4A11’s function [40, 45], have been

identified in patients with three genetic corneal dystrophies, including CHED2, Harboyan syn-

drome, and FECD. Third, SLC4A11 knock out mouse models show the height of the corneal

basal epithelial cells and the basal epithelial cell/total corneal thickness are significantly

increased [45, 48], similar to that of Vps35-deficient mice. Finally, SLC4A11 is critical to pre-

vent fluid accumulation in cornea; and the selective transmembrane water conductance by

Fig 6. Reduced SLC4A11 co-localization with Vps35/retromer and SLC4A11 cell surface targeting by corneal dystrophy-linked
SLC4A11mutations. Illustration of a working hypothesis for Vps35 regulation of SLC4A11, which may underlie Vps35’s involvement of
corneal dystrophy.

https://doi.org/10.1371/journal.pone.0184906.g006
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SLC4A11 could control cell size and affect cell division/proliferation [43, 45, 49, 50]. These

observations thus support the view for SLC4A11 as a Vps35 cargo in regulation corneal dystro-

phy. However, it remains to be determined if Vps35 mutation or deficiency occurs in corneal

dystrophy patients, and if expression of SLC4A11 could attenuate corneal dystrophy in Vps35

mutant mice.

As we mentioned, SLC4A7, another member of the SLC4 gene family is known to be a ret-

romer cargo in Hela cells by unbiased screen [47]. Interestingly, mice lacking SLC4A7 develop

blindness and auditory impairment due to the degeneration of sensory receptors in the eye

and inner ear [27]. Meanwhile, mutations in SLC4A4, a traditional sodium bicarbonate

cotransporters, cause proximal renal tubular acidosis as well as ocular anomalies, such as glau-

coma, cataracts, and band keratopathy in human [41, 51]. Both SLC4A7 and SLC4A4 are

expressed in murine corneal endothelial cells, but their expression level are relative lower than

SLC4A11 [52]. Recent study establishes expression profiles for each SLC4 family member in

primary corneal endothelium, and the SLC4A11 has the highest expression in corneal endo-

thelial [52], indicating that it plays a pivotal role in transporting solutes in the corneal endothe-

lium, which may be important for preventing corneal dystrophy. Nevertheless, our study does

not exclude the possibility that other cargo proteins may be negatively impacted by Vps35 hap-

loinsufficiency and involved in the pathogenesis of corneal dystrophy.

Supporting information

S1 Fig. Normal lens morphology in Vps35+/-mice. Immunostaining analysis using anti-β-
catenin antibodies of cross-sectioned lens from P60 Vps35+/+ and +/-mice. Scale bars, 20 μm.

(TIF)

S2 Fig. Vps35’s mRNA expression in human cornea. Vps35 mRNA levels in human corneal

endothelium from pediatric (4–11 years old) and adult (53–70 years old) donor corneas as

determined by gene expression microarray data set (GEO GDS5432).

(TIF)

S3 Fig. X-gal activity in P15 and P90 Vps35+/- cornea. X-gal staining (Blue color, single

arrow) showed lacZ gene expression in the corneal epithelium of Vps35+/-mice at P15 and

P90. Epi, corneal epithelium; St, corneal stroma; Endo, corneal endothelium. Scale bar, 50 μm.

(TIF)
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