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A new N-ethyl-N-nitrosourea (ENU)-induced mouse recessive mutation, identified by fundus examination
of the eye, develops depigmented patches, indicating retinal disorder. Histology data show aberrant retinal
pigment epithelium (RPE) and late-onset photoreceptor cell loss in the mutant retina. Chromosomal
mapping and DNA sequencing reveal a point mutation (T to A) of the SIc9a8 gene, resulting in mutant
sodium/proton exchanger 8 (NHE8)-M120K protein. The lysine substitution decreases the probability of
forming the 3™ transmembrane helix, which impairs the pore structure of the Na*/H™" exchanger. Various
RPE defects, including mislocalization of the apical marker ezrin, and disrupted apical microvilli and basal
infoldings are observed in mutant mice. We have further generated NHE8 knockout mice and confirmed
similar phenotypes, including abnormal RPE cells and late-onset photoreceptor cell loss. Both in vivo and in
vitro data indicate that NHE8 co-localizes with ER, Golgi and intracellular vesicles in RPE cells. Thus, NHES
function is necessary for the survival of photoreceptor cells and NHES is important for RPE cell polarity and
function. Dysfunctional RPE may ultimately lead to photoreceptor cell death in the NHE8 mutants. Further
studies will be needed to elucidate whether or not NHES regulates pH homeostasis in the protein secretory
pathways of RPE.

retinal pigment epithelium (RPE), adjoining the outer segments (OS) of photoreceptor cells in the back of

the retina, is essential for maintaining the homeostasis and survival of photoreceptor cells*’.
Photoreceptor cell death in age-related macular degeneration (AMD) is the leading cause of untreatable blindness
in industrialized countries*®. The fundamental molecular and cellular mechanisms that regulate and maintain
life-long function of the RPE and photoreceptor cells are still not well understood®. Understanding these mechan-
isms is critical for elucidating the events that trigger pathological cascades towards photoreceptor cell death,
which occurs in human eye diseases such as retinitis pigmentosa (RP) and AMD*>”*.

RPE is a monolayer of polarized cells that plays many essential roles in the maintenance and homeostasis of
photoreceptor cells’. The apical ends of RPE abut and engulf photoreceptor OS through phagocytosis whereas the
basolateral sides lie on Bruch’s membrane and transport nutrients, digested metabolic wastes, ions and water
between the retina and the choroidal vasculature in the back of the eye. RPE provides the recycle of retinoids for
the phototransduction pathway as well as the blood-retinal barriers. Due to phototoxicity, the daily renewal of
photoreceptor OS is profoundly important to the survival of photoreceptors and maintenance of retinal health™.
In the last decade, significant progress has been made in understanding some of the mechanisms that control RPE
phagocytosis, especially OS recognition and engulfment signaling molecules including the Gas6/MerTK path-
way>'". Late stage of phagocytosis is the recycling and degradation mediated by the endosome/lysosome path-
way'>"; the underlying mechanisms that determine the recycling and degradation of proteins in RPE are still not
well understood'>'*. Specific markers for polarized RPE cells have been identified for their unique functions in the
RPE". However, mechanisms that control and maintain RPE polarity and function also require further invest-
igation®'. In mice, photoreceptor cells start to form OS at postnatal day 10'% RPE establishes cell polarity after
birth and phagocytosis occurs at around the age of two weeks when mice open eyes'”**.

From a forward genetic study of new retinal degeneration mouse mutations, we have found that mutations of
the SLC9AS gene, which encodes the sodium/proton exchanger 8 (NHES), lead to slow photoreceptor cell death.
NHES is a member of the solute carrier family 9 (SLC9). Sodium/proton exchangers (NHEs) are a large group of
monovalent cation/proton antiporters that predominately move Na* in exchange for H*, and are involved in
diverse physiological processes including the regulation of intracellular pH, absorption of sodium into epithelia,
salt tolerance, cell volume, cell adhesion, cell proliferation, organelle biogenesis, and protein trafficking'®. NHEs
can be divided into two subfamilies based on protein cellular localization and sequence alignments; one is a cell

V ision depends on the photoreceptor cells of the retina to catch photons to start the visual process'. The
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surface subfamily, including mammalian NHEs 1-5, and the other is
an intracellular subfamily localized to organelle membranes, includ-
ing mammalian NHEs 6-9°**'. NHES8 belongs to the intracellular
subfamily, and previous studies have reported that NHES8 is
expressed on the apical membrane of intestinal epithelial cells to
prevent infectious bacterial adherence®. Our current work suggests
that NHES is essential for the survival of photoreceptor cells and
plays an important role in the retina by regulating RPE cell polarity
and function.

Results

The r15 mutation, identified from a fundus screen of ENU-induced
mutant mice, displayed a recessive retinal degeneration®. At the age
of 4 weeks, compared to the normal fundus image of heterozygous
mice (r15/+) (Fig. 1a), homozygous mutant mice (r15/r15) showed
depigmented patches (Fig. 1b). More severe depigmentation was
observed in aged mutant mice (Fig. lc). Histological sections
revealed that the number of outer nuclear layers (ONL) in hetero-
zygous mice was around 10-12 without noticeable changes from the
ages of 4 weeks to 18 months (Fig. 1d,f). In contrast, 4-week old
homozygous mutant mice displayed aberrant RPE cells with vacu-
ole-like structures while the number of ONL remained comparable
to the control at about 10-12 layers (Fig. le). The loss of photore-
ceptor cells was observed in homozygous mutant mice only after the
age of 6 weeks. The ONL decreased to 6-8 layers in 6-month old
homozygous mutant mice (data not shown) and about 3-4 layers in
18-month old homozygous mutant mice, which also had pigmented
aberrant cells submerged in the subretinal space (Fig. 1g). We mea-
sured the ONL thickness of the heterozygous and homozygous
mutant retinas from mice at the ages of 4 weeks, 6 months and 18
months (Fig. 1h,i,j). At 4 weeks of age, there is no significant differ-
ence in ONL thickness between the rI15 heterozygous and homo-
zygous mice (p > 0.5); however, significantly reduced ONL
thickness was observed in 6-month old (p < 0.05, except the
—2 mm data point) and 18-month old homozygous (p < 0.001)
mutant mice compared to the heterozygous controls. To confirm
the pigmented aberrant structures are aberrant RPE cells, immuno-
staining was performed in 20-month old retinal sections. Compared
to normal RPE65 positive RPE cells in the control heterozygous
retina (Fig. 1k,k’), RPE65 positive aberrant pigmented structures
were observed in the photoreceptor cell layer in the homozygous
mutant (Fig. 1L1"). Thus, depigmentation in fundus images likely
results from pathological changes of RPE in r15 homozygous mutant
retinas; dysfunctional RPE might ultimately contribute to the late-
onset photoreceptor loss.

We further investigated the cellular defects of RPE in the r15
mutant mice. Double labeled images of rhodamine-phalloidin and
DAPI revealed a typical hexagonal array of RPE cells containing
single or double nuclei, with a sharp F-actin network at cell bound-
aries in the whole mount RPE of a 4-week old wild-type sample
(Fig. 2a). In contrast, an age-matched r15 homozygous mutant dis-
played disorganized RPE cells with irregular shape and size and
disrupted F-actin network at some cell boundaries (Fig. 2b); more-
over, the r15 mutant RPE flat-mount image was fuzzy, reflecting
substantial defects and changes of RPE cells observed by histology
analysis (Fig. le). Electron microscope images showed abundant
microvilli at the apical surface next to organized outer segments of
photoreceptors as well as typical basal infoldings next to the Bruch’s
membrane in 5-month old wild-type RPE cells (Fig. 2¢); however,
RPE from 5-month old homozygous r15 mice had neither apical
microvilli nor distinct basal infoldings (Fig. 2d). These morpho-
logical data indicate that 15 mutant RPE cells lose polarity and lack
the distinct structures and organization that are needed for perform-
ing functions such as phagocytosis. Therefore, dysfunctional RPE
likely causes the late-onset death of photoreceptor cells in 715 mutant
mice.

To identify the causative gene, we performed a genome-wide link-
age analysis. The r15 mutation was mapped to mouse chromosome 2.
Based on linkage data from genomic DNA samples of 177 meioses,
we further mapped this mutation into a 6 Mb interval region
between the markers D2Mit51 and D2Mit229 on the Ensembl
Mouse Genome Server (Fig. 3a). Sequencing data revealed that the
r15 retinal phenotype was correlated with a missense mutation (T to
A) of the Slc9a8 gene, which results in substitution of methionine (M)
by lysine (K) at residue 120 of the NHES8 protein (Fig. 3b), mutant
NHE8-M120K. The probability of forming transmembrane helices
predicted by the program TMHMM (v. 1.0) (http://www.cbs.dtu.dk/)
suggested that wild-type NHES contained 11 transmembrane helices
(Fig. 3c) but mutant NHE8-M120K abolished the 3" transmembrane
helix (Fig. 3d). Thus, mutant NHE8-M120K with a disrupted 3™
transmembrane helix likely impairs its function as a sodium-proton
exchanger in the RPE. According to standard genetic nomencla-
ture guidelines, the rI5 mouse mutant line should be named
Slc9a8r1oMI20KMI200 T be consistent with previous studies of
sodium-hydrogen exchangers in the literature, we use NHES-
MI20K in the paper to describe this mutant mouse line.

To confirm that a dysfunctional NHE8-M120K is the sole cause
for defective RPE and photoreceptor cell death rather than any other
unknown mutation occurring in the ENU-induced r15 mutant line,
we generated NHE8 null mutant mice (NHES-/-) from NHE8
knockout ES cell clones made by the International Knockout
Mouse Consortium (www.mousephenotype.org/martsearch_ikmc_
project/about/eucomm). The NHES8 gene targeting vector was con-
structed using the knockout-first-reporter tagged insertion (promo-
torless cassette) strategy. Insertion of a promotorless cassette into the
intron between exons 3 and 4 of the Slc9a8 gene would result in a
truncated NHE8 fusion protein, which expresses only the N-terminal
92 amino acids (encoded by the first three exons) followed by the
inserted LacZ+neo in the NHE8 knockout mice.

Similar to the recessive retinal phenotypes in r15 (NHE8-M120K)
homozygous mutant mice, NHE8 knockout mice displayed depig-
mented patches in the fundus photo (Fig. 4b), disrupted RPE layer
with vacuoles (Fig. 4d.f), irregularly sized and shaped RPE cells
(Fig. 4j), and an obvious loss of photoreceptor cells at the age of 6
months but not 4 weeks (Fig. 4d.f). Heterozygous NHE8+/- mice
had no obvious retinal phenotypes (data not shown). The ONL
thickness was measured in wild-type (WT) and NHES-/- mutant
retinas at the ages of 4 weeks and 6 months (Fig. 4g,h). At 4 weeks
of age, there is no significant difference in ONL thickness between the
control and NHE8-/- mice (p > 0.5); 6-month old NHE8-/- mutant
mice display significantly reduced ONL thickness (p < 0.05). Since
the r15 mutant and NHES8 knockout mice display similar recessive
retinal phenotypes, NHE8-M120K is likely a dysfunctional point
mutation.

In order to elucidate the mechanistic role of NHES, we character-
ized the localization of NHE8 proteins in the RPE in vivo.
Immunobhistological data showed that NHES proteins displayed an
intracellular vesicular expression pattern (Fig. 5a) in RPE cells;
NHES colocalized with giantin (a marker for the Golgi complex)
as well as expressed in other intracellular vesicles, but not at RPE cell
boundaries (Fig. 5a,b). Tight junctions labeled by ZO-1 antibody
(green) were colocalized with F-actin in RPE cells (Fig. 5¢).

Since a previous work reported that NHE8 played a key role in the
control of protein trafficking in cultured HeLa M-cells in vitro™, we
investigated whether NHES played an important role in the protein
trafficking needed for RPE cell polarity. We examined the distri-
bution of NHE8 delivered by Adeno-associated virus (AAV) in
human ARPE-19 cells in vitro. NHE8-SE pHluorin proteins,
expressed from AAVS5, were predominantly present in vesicular
intracellular structures of ARPE-19 cells (Fig. 5d), and were coloca-
lized with the Golgi marker TGN46 (Fig. 5e) and the endoplasmic
reticulum (ER) marker calreticulin (Fig. 5f).
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Figure 1| The r15 mutant mice display late-onset recessive retinal degeneration with aberrant RPE cells. Fundus photos from a 4-week old r15
heterozygous mouse (a), a 4-week old r15 homozygous mutant mouse (b) and a 6-month old homozygous mutant mouse (c); retinal veins are indicated
by black arrowheads and retinal arteries indicated by white arrows. Toluidine blue stained retinal sections from 4-week old heterozygous (d) and
homozygous (e) mutant mice, and 18-month old heterozygous (f) and homozygous (g) mutant mice; white arrows indicate RPE; ONL, outer nuclear
layer; INL, inner nuclear layer. Spider graphs show ONL thickness in 715 heterozygous mice (black lines, n = 3) and r15homozygous mice (grey lines, n =
3) at the ages of 4 weeks (h), 6 months (i), and 18 months (j). Immunostaining of 20-month old r15 heterozygous (k) and homozygous (1) retinal frozen
sections indicate that mislocalized pigmented structures are labeled by an anti-RPE65 antibody (red, white arrows); nuclei are labeled with Dapi (blue);
differential interference contrast (DIC) merged images (k' and 1) are underneath the corresponding images; RPE, retinal pigment epithelium; PS,
photoreceptor segments; Scale bars for panels d-g and k-1, 20 um.
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Figure 2 | Morphologic changes of RPE caused by the r15 mutation.
Rhodamine-phalloidin (for F-actin, red) and Dapi (for nuclei, blue)
double labeling of whole mount RPEs from 4-week old wild-type (a) and
r15homozygous mutant (b) mice. Electron micrographs of RPEs from 5-
month old wild-type (c) and r15 homozygous mutant retinas (d); white
asterisks indicate apical microvilli and black asterisks indicate basal
infoldings near Bruch’s membrane (BM); note the absence of distinct basal
infoldings and apical microvilli in the mutant retina (d). Scale bars for
panels a and b, 20 pm; scale bars for panels c and d, 1 pm.

We further examined the expression of ezrin, a suitable apical
marker for monitoring RPE cell polarity, even though it could be
detected at a very low level in the basal-lateral sides. As expected,
ezrin proteins were predominantly located at the apical sides of the
RPE in the wild-type mouse retina (Fig. 6a,c,e). However, aberrant
lateral-basal distribution of ezrin proteins in RPE was detected as
early as two weeks of age in NIH8-/- mice (Fig. 6d). Ezrin also
appeared in apical, lateral and basal sides of RPE in 4-week old
NHE8-M120K (Fig. 6f) and NHE8-/- (Fig. 6g) mice. Consistent with
previous morphological data (Fig 1,2,4), RPE cell polarity is dis-
rupted in NHE8-M120K and NHES-/- mutant retinas.

Discussion

This work demonstrates that NHES is essential for the survival of
photoreceptor cells, and it plays an important role for the polarity
and function of RPE cells. Both NHE8 knockout and NHE8-M120K
mutant mice display late-onset loss of photoreceptor cells and
impaired RPE cells including altered cell morphology, mislocalized
ezrin proteins and a loss of apical microvilli. Since RPE cell defects
occur before the loss of photoreceptor cells in both NHE8 mutant
mouse lines, the slow loss of photoreceptors is likely a consequence of
impaired RPE function. Based on the fact that NHE8 proteins are
localized in protein trafficking compartments such as the Golgi, ER
and other unknown intracellular vesicles in RPE, we hypothesize that
NHE8 may regulate pH homeostasis in the protein trafficking path-
way and/or in intracellular vesicles. However, further studies will be
needed to test this hypothesis. The underlying mechanism for altered
distribution of the cell polarity marker ezrin is unknown; it is possible
that NHE8 loss-of-function mutations perturb ezrin’s trafficking,
sorting and/or targeting to its final destination. A loss of NHE8
function alone is sufficient to impair RPE and leads to the slow loss
of photoreceptor cells in mice. The presence of other NHE isoforms

and other pH regulators are unable to compensate the functional loss
of NHES in the retina. It will be important to investigate whether or
not NHE8 plays an essential function in humans. These NHE8
mutant mice provide an excellent model system to study intracellular
pH homeostasis that is largely unknown in the RPE.

All key functions of the RPE rely on its cell polarity®, such as
precisely localized specific receptors for phagocytosis and polarized
structures to regulate the transport of nutrients and waste pro-
ducts>'®*>*?, Ezrin is an apical marker of the RPE due to its high
abundance in apical microvilli, even though very low levels of ezrin
are present in basal infoldings of RPE*™°. Ezrin is needed for the
proper formation of microvilli and basal infoldings of RPE*" and for
the function of NHE3*. Thus, NHE8 mutations will cause many
indirect consequences to impair the function of RPE. Transporters
such as proton-coupled monocarboxylate transporters (MCTs) are
specifically positioned apically or basolaterally to facilitate the trans-
port of lactate and H* out of the retina to regulate pH, ion home-
ostasis and the high-energy demands of photoreceptor cells>****,
MCT3 and MCT4 harbor dominant sorting information for the
basolateral membrane®. It will be interesting to study whether or
how MCTs are affected in NHE8 mutations.

The polarized trafficking machinery, composed of secretory orga-
nelles (ER and Golgi complex) and endosomal compartments, is
critical for the generation and maintenance of the asymmetric dis-
tribution of plasma membrane proteins*. The trans-Golgi network
(TGN) is where cargoes undergo sorting, packaging and delivery to
different destinations such as the plasma membrane, the endosomes,
or secretory granules. Each of these transport routes probably uses a
specialized and dedicated machinery”’. However, the underlying
mechanism for how polarized protein trafficking contributes to
RPE plasma membrane polarity is still poorly understood®. NHE8
is known to contribute to the maintenance of the unique acidic pH
values of the Golgi and post-Golgi compartments in cultured cells®®.
The pH values gradually decrease from ~7 to ~5, starting in ER,
Golgi, TGN and secretory granules, and from early and late endo-
somes (pH ~ 6.5) to lysosomes (pH ~ 4.5) in general®. This pro-
gressive acidification is essential for post-translational modifications,
including sorting of newly synthesized proteins into the secretory
pathway. Studies from cultured Hela M-cells in vitro have reported
that NHES plays a key role in the control of protein trafficking and
endosome morphology**. The majority of epitope-tagged NHE8 was
found in the trans-Golgi network of HeLa M-cells, but a proportion
was also localized to multivesicular bodies (MVBs). Depletion of
endogenous NHE8 or overexpression of a nonfunctional point
mutant protein NHE8-E225Q affected endosome morphology but
did not affect the overall pH inside dense MVBs. Our unpublished
data show that endosome marker EEA1 seems not colocalize with
NHES in RPE cells. So the function of NHE8 in RPE cells likely
differs from its role in HeLa M-cells. NHES is also known to be an
apically expressed membrane protein in intestinal epithelial cells for
controlling sodium absorption and bicarbonate secretion in the
intestine*>. However, NHES8 protein is hardly detected in either the
apical or basolateral membrane of RPE (Fig. 5a,b). Intracellular pH
changes in polarized protein trafficking of RPE have not been inves-
tigated in vivo nor in cultured RPE cells in vitro. NHE8 mutants may
be useful for exploring pH homeostasis in the polarized trafficking
machinery needed for RPE cell polarity as well as the luminal pH
regulation in the secretory pathway of RPE during development and

aging.

Methods

Animals. All studies and examinations were conducted in accordance with a protocol
approved by the Animal Care and Use Committee (ACUC) at University of
California, Berkeley. ENU-mutagenesis and breeding of the r15 mice were performed
as previously described***!. NHE8 knockout mice were acquired from the Mutant
Mouse Regional Resource Center (MMRRC) at UC Davis. The targeting vector was
designed to insert a promotorless cassette into the intron between exons 3 and 4 of the
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Figure 3 | Identification of the causative gene, SIc9a8, for the r15 mutation. (a) Linkage analysis of the r15 mutation was based on the phenotypes and
genotypes of 177 meioses. The mutation was mapped to a 6 Mb region between markers D2Mit51 and D2Mit229 on mouse chromosome 2.
Positions of the markers are based on the Ensembl Mouse Genome Server. (b) DNA sequencing data revealed a missense (T to A) mutation of the Slc9a8
gene, resulting in a substitution of methionine (M) by lysine (K) at the 120" amino acid of the NHES protein in the 15 mutation. (c) Wild-type NHE8
protein was predicted to form 11 transmembrane helices by the program TMHMM (v. 1.0) (http://www.cbs.dtu.dk/). (d) NHE8-M120K mutant protein
decreased the probability of forming the 3" transmembrane helix containing residue 120.
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Figure 4 | NHES8 knockout mice display retinal phenotypes similar to the r15 mutation. Fundus photos of 2-month old wild-type (a) and NHES-/- (b)
littermates. The NHES8-/- fundus reveals depigmented patches, similar to that observed in the rI5 mutant mice. Histological sections of 4-week old wild-
type (c) and NHE8-/- (d) littermates as well as 6-month old wild-type (e) and NHE8-/- (f) littermates. The NHE8 knockout RPEs displayed vacuoles and
abnormal pigmented cellular structures (d.f, indicated by white arrows). At the age of 6 months, the wild-type control had 10-12 outer nuclei layers
(ONL) of photoreceptor cells, while NHE8 knockout had only 5-7 layers. Spider graphs show ONL thickness in wild-type (black lines, n = 3) and
NHES8-/- mice (grey lines, n = 3) at the ages of 4 weeks (g) and 6 months (h). Phalloidin stained images show typical pentagonal/hexagonal cell shape with
intact F-actin network of flat-mount RPE in 1-month-old wild-type mice (i), while variable cell size and abnormal cell shape with disrupted F-actin
network of flat-mount RPE in NHES8-/- (j) littermates. Scale bars for panels c—f, 50 um; for panels i and j, 20 um.

Figure 5| The NHES protein is associated with the Golgi complex and the
intracellular vesicles. Fluorescent staining results reveal that NHE8
proteins (green) display intracellular vesicular-like signals (a), white
arrowheads indicate enriched F-actin (red) at apical/lateral tight junctions.
NHES proteins (green) are partly colocalized with giantin protein (red, a
marker for the Golgi complex) in wild-type RPE, indicated by white arrows
(b). Tight junctions labeled by anti-ZO-1 antibody (green) are colocalized
with F-actin (c). Scale bars for panels a—c, 10 pm. Human ARPE-19 cells
were infected with AAV expressing wild-type NHES-SE pHluorin, and
cells were fixed for staining with antibodies for Golgi and ER; NHE8-SE
pHluorin expression (green) displays a more prominent perinuclear
pattern as well as vesicular distribution throughout the cell (d); staining
with anti-TGN46 (red) reveals colocalization of NHE8 and the Golgi
complex (e) in the perinuclear region; staining with anti-calreticulin (red)
also suggests a colocalization of NHE8 and ER in the cytosol (f). Scale bars
for panels d—f, 20 pm.

Slc9a8 gene, which would result in a truncated NHES fusion protein that includes
the N-terminal peptide (encoded by the first three exons) and the inserted LacZ and
neo. For genotyping, a primer pair of forward 5'-GAA GTA GGT CTC TCA CTG G
and reverse 5'-AAT CTT GAC CAT AGC TGT CCT CCA CC generates a
wild-type PCR fragment (~500 bp) and a larger knockout band (~575 bp) due to the
insertion of a loxp site in the targeting vector.

Fundus examination and histology. Fundus examination and retinal histology were
performed as previously described*.

Genomic linkage analysis. A female founder was identified from a screen of ENU-
induced F3 mutagenized mice by fundus examination, and chromosome mapping
was performed according to previously described methods®**'. Homozygous r15
mutant mice in the C57BL/6] strain background were mated with wild-type
C3A.BLiA-Pde6b" /] mice to produce G1 hybrid mice; G1 hybrids were further mated
with homozygous r15 mutant mice to produce second-generation (G2) mice. The G2
mice were examined for retinal phenotype, and genomic DNA samples were
extracted from tail snips for genome-wide linkage analysis using a total of 59
microsatellite markers. After the chromosomal linkage was identified, we further
performed fine mapping. Marker sequence information (D2Mit51, D2Mit145,
D2Mit229, D2Mit344 and D2Mit200) was obtained from the Ensembl Mouse
database.

DNA sequencing. Retinas were dissected from homozygous r15 mutant mice and
total RNA was isolated using the TRIzol® Reagent (Invitrogen Life Technologies).
The Superscript™ First-Strand Synthesis System for RT-PCR kit (Invitrogen Life
Technologies) was used to synthesize cDNAs. The coding region of the NHES gene
was amplified by various primer pairs with Platinum® pfx DNA polymerase
(Invitrogen Life Technologies). PCR fragments with overlapping regions were
sequenced at the UC Berkeley DNA sequencing facility.

Immunofluorescence studies. Inmunofluorescent staining of retinal frozen sections
was performed as previously described*'. For staining RPE whole mount, mouse eyes
were fixed in 4% formaldehyde/PBS, the cornea and lens were removed, followed by
antibody staining and the remaining eye cups were flat-mounted for imaging. A
rabbit polyclonal antibody for NHES8 was generated using the C-terminal 14-amino
acid peptide as immunogen; other antibodies used for immunostaining were: RPE65
mouse monoclonal antibody (generously provided by Dr. Debra Thompson,
University of Michigan), ezrin rabbit polyclonal antibody (Cell Signaling
Technology), ZO-1 rabbit polyclonal antibody (Invitrogen Life Technologies),
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Figure 6 | NHES is important for the polarity of ezrin expression in RPE
cells. Immunostaining of ezrin proteins (green, a marker for the apical side
of RPE) and F-actin (red) in wild-type (a) and NHE8-/- retinal sections (b)
at the age of postnatal day 7 (P7) show very similar ezrin distribution in the
apical RPE as well as some lateral sides. At P14, ezrin distribution is mostly
restricted to the apical side of RPE in the wild-type (c), while some
extended ezrin expression in the lateral sides towards the basal sides is
observed in the NHE8-/- retina (d, white arrows). Panels e—g show the
immunodistribution of ezrin proteins in the wild-type (e), r15 mutant (f)
and NHE8-/- (g) retinas of mice at the age of 4 weeks. White arrows
indicate mislocalized ezrin at basal and lateral sides of r15 and NHE8-/-
RPEs. Scale bar, 10 pm.

giantin mouse monoclonal antibody*’, TGN46 rabbit polyclonal antibody
(Millipore), calreticulin rabbit polyclonal antibody (Stressgen Biotechnologies) and
rhodamine phalloidin (Molecular Probes). All images were collected by a Zeiss
LSM700 confocal microscope.

Measurement of the ONL thickness. Retinal histology sections cut through optic
nerve head and the ora serrate were imaged, and the ONL thickness was measured
using the Image] program. Retinal sections from 3 mice for each genotype at each age
were measured, and the average values and standard deviations (SD) were graphed.
Student’s T-tests were used to determine the statistical significance between controls
and mutants.

AAV5-NHES-SE pHluorin infection. To make AAV5-smCBA-NHES8-SE pHluorin,
we first constructed the expression plasmid. SE pHluorin was cloned into pEGFP N1
vector (Clontech laboratories) to replaced EGFP by the BamHI-SE pHluorin-NotI
fragment to obtain pHluorin pN1 vector; the EcoRI-NHE8-BamHI fragmet was then
subcloned into pHluorin pN1 vector to generate pN1-CMV-NHES-SE pHluorin
vector; NHES-SE pHluorin fragment was cut with Xhol and NotI from the pN1-
CMV-NHES-SE pHluorin vector to replace VAMP2-SE pHluorin in the pTR-
smCBA-VAMP2-SE pHluorin plasmid described below to obtain final pTR-smCBA-
NHES-SE pHluorin plasmid. The pTR-smCBA-VAMP2-SE pHluorin plasmid was
constructed by replacing the hGFP fragment of the pTR-smCBA-hGFP vector with a
VAMP2-pHluorin PCR fragment with XhoI and NotI restriction sites. AAV5-
smCBA-NHES-SE pHluorin was generated with the pTR-smCBA-NHES-SE
pHluorin plasmid**.

For AAV infection, human ARPE-19 cells were plated on 35 mm glass bottom
plates, and the cells were 50% confluent at the time of infection. The cells were
infected with 1 X 10" vector genomes (vg)/ml AAV5-smCBA-NHES8-SE-pHluorin;
72 hours later, infected cells were fixed with 4% formaldehyde/PBS for 10 minutes,
followed by antibody staining and confocal imaging.

1. Orban, T., Jastrzebska, B. & Palczewski, K. Structural approaches to
understanding retinal proteins needed for vision. Curr Opin Cell Biol 27, 32-43
(2014).

2. Reichhart, N. & Strauss, O. Ion channels and transporters of the retinal pigment
epithelium. Exp Eye Res 126, 27-37 (2014).

3. Mazzoni, F,, Safa, H. & Finnemann, S. C. Understanding photoreceptor outer
segment phagocytosis: Use and utility of RPE cells in culture. Exp Eye Res 126C,
51-60 (2014).

4. Kanagasingam, Y., Bhuiyan, A., Abramoff, M. D., Smith, R. T., Goldschmidt, L. &
Wong, T. Y. Progress on retinal image analysis for age related macular
degeneration. Prog Retin Eye Res 38, 20-42 (2014).

5. Ambati, J. & Fowler, B. . Mechanisms of age-related macular degeneration.
Neuron 75, 26-39 (2012).

6. Lehmann, G. L., Benedicto, L, Philp, N. J. & Rodriguez-Boulan, E. Plasma
membrane protein polarity and trafficking in RPE cells: Past, present and future.
Exp Eye Res 126C, 5-15 (2014).

7. Lin,]. H. et al. IRE1 signaling affects cell fate during the unfolded protein response.
Science 318, 944-949 (2007).

8. Gal, A. et al. Mutations in MERTK, the human orthologue of the RCS rat retinal
dystrophy gene, cause retinitis pigmentosa. Nat Genet 26, 270-271 (2000).

9. Strauss, O. The retinal pigment epithelium in visual function. Physiol Rev. 85,
845-881 (2005).

10. Bok, D. The retinal pigment epithelium: a versatile partner in vision. J cell Sci

Supplement 17, 189-195 (1993).

.Nandrot, E. F. & Dufour, E. M. Mertk in daily retinal phagocytosis: a history in the
making. Adv Exp Med Biol 664, 133-140 (2010).

12. Thuenauer, R. et al. Four-dimensional live imaging of apical biosynthetic

trafficking reveals a post-Golgi sorting role of apical endosomal intermediates.
P Natl Acad Sci USA 111, 4127-4132 (2014).

13. Guha, S., Liu, J., Baltazar, G., Laties, A. M. & Mitchell, C. H. Rescue of
compromised lysosomes enhances degradation of photoreceptor outer segments
and reduces lipofuscin-like autofluorescence in retinal pigmented epithelial cells.
Adv Exp Med Biol 801, 105-111 (2014).

14. Toyofuku, T. et al. Endosomal sorting by Semaphorin 4A in retinal pigment
epithelium supports photoreceptor survival. Gene Dev 26, 816-829 (2012).

15. Rodriguez-Boulan, E. & Macara, I. G. Organization and execution of the epithelial
polarity programme. Nat Rev Mol Cell Bio 15, 225-242 (2014).

16. Young, R. W. The renewal of photoreceptor cell outer segments. J Cell Biol 33,
61-72 (1967).

17. Won, J. et al. Membrane frizzled-related protein is necessary for the normal
development and maintenance of photoreceptor outer segments. Visual Neurosci
25, 563-574 (2008).

18. Nandrot, E. F.,, Kim, Y., Brodie, S. E., Huang, X., Sheppard, D. & Finnemann, S. C.
Loss of synchronized retinal phagocytosis and age-related blindness in mice
lacking alphavbeta5 integrin. ] Exp Med 200, 1539-1545 (2004).

19. Orlowski, J. & Grinstein, S. Diversity of the mammalian sodium/proton exchanger
SLC9 gene family. Pflug Arch Eur ] Phy 447, 549-565 (2004).

20. Orlowski, J. & Grinstein, S. Emerging roles of alkali cation/proton exchangers in

organellar homeostasis. Curr Opin Cell Biol 19, 483-492 (2007).

. Brett, C. L., Donowitz, M. & Rao, R. Evolutionary origins of eukaryotic sodium/
proton exchangers. Am ] Physiol- Cell Ph 288, C223-239 (2005).

22. Liu, C. et al. NHES plays an important role in mucosal protection via its effect on

bacterial adhesion. Am J Physiol- Cell Ph 305, C121-128 (2013).

23. Xia, C. H. et al. Characterization of mouse mutants with abnormal RPE cells. Adv
Exp Med Biol 572, 95-100 (2006).

24. Lawrence, S. P., Bright, N. A, Luzio, J. P. & Bowers, K. The sodium/proton
exchanger NHES regulates late endosomal morphology and function. Mol Biol
Cell 21, 3540-3551 (2010).

25. LaVail, M. M. Circadian nature of rod outer segment disc shedding in the rat.
Invest Ophth Vis Sci 19, 407-411 (1980).

26. D’Cruz, P. M. et al. Mutation of the receptor tyrosine kinase gene Mertk in the
retinal dystrophic RCS rat. Hum Mol Genet 9, 645-651 (2000).

27. Boulton, M. & Dayhaw-Barker P. The role of the retinal pigment epithelium:
topographical variation and ageing changes. Eye 15, 384-389 (2001).

28. Bonilha, V. L., Finnemann, S. C. & Rodriguez-Boulan, E. Ezrin promotes
morphogenesis of apical microvilli and basal infoldings in retinal pigment
epithelium. J Cell Biol 147, 15331548 (1999).

29. Kivela, T., Jaaskelainen, J., Vaheri, A. & Carpen, O. Ezrin, a membrane-organizing
protein, as a polarization marker of the retinal pigment epithelium in vertebrates.
Cell Tissue Res 301, 217-223 (2000).

30. Bonilha, V. L. & Rodriguez-Boulan, E. Polarity and developmental regulation of
two PDZ proteins in the retinal pigment epithelium. Invest Ophth Vis Sci 42,
3274-3282 (2001).

. Bonilha, V. L., Rayborn, M. E., Saotome, 1., McClatchey, A. I. & Hollyfield, J. G.
Microvilli defects in retinas of ezrin knockout mice. Exp Eye Res 82, 720-729
(2006).

32. Hayashi, H. et al. Ezrin is required for the functional regulation of the epithelial
sodium proton exchanger, NHE3. PloS One 8, €55623 (2013).

. Daniele, L. L., Sauer, B., Gallagher, S. M., Pugh, E, N, Jr & Philp, N. J. Altered

visual function in monocarboxylate transporter 3 (Slc16a8) knockout mice. Am |

Physiol- Cell Ph 295, C451-457 (2008).

Philp, N. J., Ochrietor, J. D., Rudoy, C., Muramatsu, T. & Linser, P. J. Loss of

MCT1, MCT3, and MCT4 expression in the retinal pigment epithelium and

neural retina of the 5A11/basigin-null mouse. Invest Ophth Vis Sci 44, 1305-1311

(2003).

35. Deora, A. A, Philp, N, Hu, J., Bok, D. & Rodriguez-Boulan, E. Mechanisms
regulating tissue-specific polarity of monocarboxylate transporters and their

1

—

2

—

3

—

3

[

3

L

| 5:9358 | DOI: 10.1038/srep09358



36.

37.

38.

39
40

41.

4

[S5]

43.

44.

chaperone CD147 in kidney and retinal epithelia. P Natl Acad Sci USA 102,
16245-16250 (2005).

Marmorstein, A. D. The polarity of the retinal pigment epithelium. Traffic 2,
867-872 (2001).

De Matteis, M. A. & Luini, A. Exiting the Golgi complex. Nat Rev Mol Cell Bio 9,
273-284 (2008).

Nakamura, N., Tanaka, S., Teko, Y., Mitsui, K. & Kanazawa, H. Four Na+/H+
exchanger isoforms are distributed to Golgi and post-Golgi compartments and
are involved in organelle pH regulation. J Biol chem 280, 15611572 (2005).

. Weisz, O. A. Organelle acidification and disease. Traffic 4, 57-64 (2003).
. Du, X. et al. Velvet, a dominant Egfr mutation that causes wavy hair and defective

eyelid development in mice. Genetics 166, 331-340 (2004).
Xia, C. H. et al. A model for familial exudative vitreoretinopathy caused by LPR5
mutations. Hum Mol Genet 17, 1605-1612 (2008).

. Linstedt, A. D. & Hauri, H. P. Giantin, a novel conserved Golgi membrane protein

containing a cytoplasmic domain of at least 350 kDa. Mol Biol Cell 4, 679-693
(1993).

Pang, J. J. et al. Comparative analysis of in vivo and in vitro AAV vector
transduction in the neonatal mouse retina: effects of serotype and site of
administration. Vision Res 48, 377-385 (2008).

Flannery, J. G. & Visel, M. Adeno-associated viral vectors for gene therapy of
inherited retinal degenerations. Methods Mol Biol 935, 351-369 (2013).

Acknowledgments

The authors want to thank Dr. Bruce Beutler for the ENU mutant mice, Dr. Meng Wang for
her assistance in the electron micrographic analysis, and Dr. Eddie Wang for critical reading
of the manuscript. This study is supported by a grant from the East Bay Community
Foundation (XG), EY013849 (XG) and the NIH P30 EY003176 Core Grant (RHK).

Author contributions
CX. and X.G. are responsible for conceptual idea. C.X., H.L,, D.C., F.T., B.C. and M.L.
conducted the experiments. C.X. and X.G. wrote the manuscript.

Additional information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Xia, C.-h. et al. NHES Is Essential for RPE Cell Polarity and
Photoreceptor Survival. Sci. Rep. 5, 9358; DOI:10.1038/srep09358 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International
ov License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 5:9358 | DOI: 10.1038/srep09358


http://creativecommons.org/licenses/by/4.0/

	Title
	Figure 1 The r15 mutant mice display late-onset recessive retinal degeneration with aberrant RPE cells.
	Figure 2 Morphologic changes of RPE caused by the r15 mutation.
	Figure 3 Identification of the causative gene, Slc9a8, for the r15 mutation.
	Figure 4 NHE8 knockout mice display retinal phenotypes similar to the r15 mutation.
	Figure 5 The NHE8 protein is associated with the Golgi complex and the intracellular vesicles.
	References
	Figure 6 NHE8 is important for the polarity of ezrin expression in RPE cells.

