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Klotho Regulates Retinal Pigment Epithelial Functions and
Protects Against Oxidative Stress
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The retinal pigment epithelium (RPE) is a highly specialized CNS tissue that plays crucial roles in retinal homeostasis. Age-related
morphological changes in the RPE have been associated with retinal degenerative disorders; our understanding of the underlying
molecular mechanisms, however, remains incomplete. Here we report on a key role of Klotho (KI), an aging-suppressor gene, in retinal
health and RPE physiology. KI ~/ ~ mice show RPE and photoreceptor degeneration, reduced pigment synthesis in the RPE, and impaired
phagocytosis of the outer segment of the photoreceptors. Klotho protein (KL) is expressed in primary cultured human RPE, and regulates
pigment synthesis by increasing the expression of MITF (microphthalmia transcription factor) and TYR (tyrosinase), two pivotal genes
in melanogenesis. Importantly, KL increases phagocytosis in cultured RPE by inducing gene expression of MERTK/AXL/TYRO3. These
effects of KL are mediated through cAMP-PKA-dependent phosphorylation of transcription factor CREB. In cultured human RPE, KL
increases the 1-3,4-dihydroxyphenylalanine synthesis and inhibits vascular endothelial growth factor (VEGF) secretion from basal
membrane by inhibiting IGF-1 signaling and VEGF receptor 2 phosphorylation. KL also regulates the expression of stress-related genes
in RPE, lowers the production of reactive oxygen species, and thereby, protects RPE from oxidative stress. Together, our results demon-
strate a critical function for KL in mouse retinal health in vivo, and a protective role toward human RPE cells in vitro. We conclude that KL
is an important regulator of RPE homeostasis, and propose that an age-dependent decline of KL expression may contribute to RPE

degeneration and retinal pathology.

Introduction

The Klotho (K1) gene was first described by Kuro-o et al. (1997), asa
putative anti-aging gene, since K/-null mice displayed phenotypes
resembling human premature aging syndromes. Recent reports
have suggested that Klotho protein (KL) activates the Ca*" channel,
transient receptor potential cation channel, superfamily V member 5
(TRPV5; Huang, 2012), influences intracellular signaling pathways
including insulin-like growth factor-1 (IGF-1; Kurosu et al., 2005;
Wolf et al., 2008), p53/p21 (de Oliveira, 2006), cAMP (Yang et al.,
2003; Rakugi etal., 2007; Wangetal., 2012b), PKC (Imai et al., 2004),
Wnt (Liu et al., 2007),and Na */K * ATPase; and regulates oxidative
stress responses (Yamamoto et al., 2005; Sopjani et al., 2011). Circu-
lating KL levels decline with aging, and thereby could increase the
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risk factor for age-related and chronic diseases (Yamazaki et al.,
2010; Semba et al., 2011).

A recent study showed that Klotho enhances oligodendrocyte
maturation and myelination of the optic nerve (Chen et al,
2013). Despite these recent advances, the effects of KL on retinal
health and RPE physiology have not yet been examined.

The retinal pigment epithelium (RPE) is a monolayer of pig-
mented and polarized CNS tissue with crucial roles in retinal
homeostasis, including the formation of the blood/retina barrier
by tight junctions, transportation of nutrients such as glucose or
vitamin A from blood to the photoreceptors, conveyance of water
from subretinal space to the blood, establishment of immune
privilege of the eye, and a constant ion composition in the sub-
retinal space. The RPE participates in light absorption and
isomerization of the retinol in the visual cycle, secretion of
growth factors, and phagocytosis of the outer segments of the
photoreceptors. The RPE is remarkable in its ability to transport
fluid and secrete a variety of growth factors, neurotrophic factors,
proinflammatory cytokines, and chemokines in a polarized man-
ner. The apical site of RPE is in close proximity to the outer
segments of photoreceptors that are phagocytosed, and the baso-
lateral membrane is opposed to Bruch’s membrane (BM) and the
choroid blood supply (Holtkamp et al., 1998; Strauss, 2005; Ma-
minishkis et al., 2006).

Numerous studies have reported on age-related morphologi-
cal changes in RPE (Boulton and Dayhaw-Barker, 2001; Bonilha,
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2008; Kozlowski, 2012) such as loss of melanin granules (Bonilha,
2008), microvilli atrophy and disorganization of the basal infold-
ings (Boulton and Dayhaw-Barker, 2001), mitochondrial DNA
damage (Lin et al., 2011), elevated amyloid 8 production (Wang
etal.,2012a), enhanced tissue factor expression (Cho etal., 2011),
increased activity of acidic -galactosidase suggestive of lyso-
somal dysfunction (Matsunaga et al., 1999; Kurz et al., 2000), and
altered expression of several RPE structural proteins (Shelton et
al., 1999; Gu et al., 2012), among others. However, to date the
mechanisms causing the age-related changes in RPE morphology
and function remain poorly understood.

Here we investigated the role played by KL in RPE physiology,
focusing on signaling pathways that are impaired during aging
and age-related retinal degeneration. We show that KL plays a
protective role in RPE cells in vitro and in vivo, and, thus, a decline
in KL expression may contribute to age-related retinal pathology.

Materials and Methods

Histological analysis of Kl wild-type and mutant retina

To compare the RPE from wild-type control (KI™") and mutant KI ~/ ~
mice, eyeballs from four 2-month-old KI™* C57BL mice (n = 8) and
age-matched KI~/~ mice (n = 8) on a C57BL/6 background, of either
sex were obtained as a gift from Dr. Makoto Kuro-o (University of Texas
Southwestern Medical Center, Dallas, TX). The eyeballs from one K1t/
and KI~ /" pair were fixed in 4% formalin buffered in 0.2 M phosphate
buffer for 16 h at 4°C, cryosectioned at 20 wm, and used for histochem-
istry. The remaining three pairs of eyes were dehydrated in an ascending
series of ethanol infusions, infiltrated with catalyzed JV-4 methacrylate
resin, and embedded. Sections (1.5 wm thick) were cut with dry glass
knives, dried down onto subbed slides, stained with 1% toluidine blue
in acetate buffer (every seventh section was retained for mounting),
and coverslipped. Tissue sections were viewed using a 100X (oil-
immersion) objective. For electron microscopic (EM) imaging, tis-
sues were double fixed in PBS-buffered glutaraldehyde (2.5%) and
osmium tetroxide (0.5%), dehydrated, and embedded into Spurr’s
epoxy resin. Ultrathin sections (90 nm) were cut and double stained
with uranyl acetate and lead citrate, and were analyzed with a JEOL
JEM 1010 transmission electron microscope.

RPE cultures

Human primary cultures of RPE cells at passage 2 were purchased from
ScienCell or established in our laboratory from the eyes of organ donors
following a previously described protocol (Maminishkis et al., 2006).
RPE were cultured in EpiCM epithelial cell medium (ScienCell), as de-
scribed previously (Kokkinaki et al., 2011).

RPE functional assays

For the phagocytosis assays, the RPE cells were grown to confluency for
20 h on poly-p-lysine (2 pg/cm?, BD Biosciences) and laminin-coated (4
ug/ml, Sigma-Aldrich) 96-well plates (50,000 cells/well) in EpiCM me-
dium without serum. Cultures were then incubated with recombinant
Klotho protein (10 ng/ml; R&D Systems) for 30 min or 16 h. Phagocy-
tosis was assayed by adding 200 ug of Alexa Fluor 488-conjugated zymo-
san (Invitrogen) for 1 h, and was quantified by fluorometry using the
Vybrant Phagocytosis Assay (Invitrogen). RPE cell viability was mea-
sured with the PrestoBlue Cell Viability Reagent (Invitrogen) and quan-
tified by fluorometry.

To measure KL-dependent changes in vascular endothelial growth
factor (VEGF) secretion, the RPE cells were polarized for 4 weeks in
six-well Transwell dishes (Corning) before treatment with recombinant
KL (10 ng/ml) for 72 h, and the medium from both the upper and lower
reservoirs was collected every 24 h and quantified by ELISA (ATCS).

To induce acute oxidative stress in the RPE, the cells were treated with
500 uM tertiary-butyl hydroperoxide (tBH; Sigma-Aldrich) for 2 h. RPE
cells were grown on six-well plates (200,000 cells/well) and cultured for
20 h in EpiCM media without serum, followed by 16 h of incubation with
KL (100 pm) in the same media. Two hours before the end of incubation
with KL, 500 um tBH was added to induce oxidative stress for 2 h, and
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then RNA was isolated for gene expression analysis by quantitative real-
time PCR (qRT-PCR). RNA was isolated from each well and was ana-
lyzed separately by qRT-PCR. Each reaction was performed in triplicate
(total of nine samples from each condition). Relative expression values
for each gene were calculated using the AACt method after normaliza-
tion to GAPDH.

To increase the intracellular levels of cAMP, the RPE were treated for
1 hwith 100 uMm isoproterenol, an «; - and 3,-adrenoreceptor agonist and
adenylylcyclase activator (Sigma-Aldrich) or with 1 mm 3-isobutyl-1-
methylxanthine (IBMX, Sigma-Aldrich), a competitive nonselective
phosphodiesterase inhibitor. Isoproterenol or IBMX was then removed,
and the cells were cultured in EpiCM without serum for 16 h. To induce
oxidative stress after isoproterenol or IBMX treatment, 500 um tBH was
added 2 h before the end of the 16 h period, followed by RNA isolation
and qRT-PCR. Working concentrations for isoproterenol (100 um) and
IBMX (1 mMm) were chosen based on established protocols (Montague
and Cook, 1971; Zhang and Insel, 2001).

KL gene knockdown

siRNA specific for human KL transcript was purchased from Sigma-
Aldrich (catalog #EHU131091). For each experiment, three independent
transfections with 2 X 10° RPE cells and 200 pmol siRNA were per-
formed using the high-efficiency I-013 protocol for the Amaxa Nucleo-
fector II apparatus and the Basic Nucleofector Kit for Primary
Mammalian Epithelial Cells Solution Mix (catalog #VPI-1005) from
Lonza. To assess siRNA knockdown of the target protein (KL), cells were
plated in 24-well plates (1 well per transfection) with 0.6 ml of EpiCM
media per well and harvested for total RNA isolation at 24—48 h. To
assess RPE phagocytotic activity after siRNA transfection, we used Lipo-
fectamine RNAiMax Reagent (Invitrogen) as an alternative transfection
method, as the process of nucleofection on its own already resulted in an
increase in basal phagocytosis. The same number of cells and concentra-
tion of siRNA were used and the RPE cells were harvested at 24 h for
analysis of gene expression or subjected to the phagocytosis assay at
48-72 h. A scrambled siRNA (Invitrogen) was used as a negative control
in all assays involving gene expression knock-down experiments.

Quantitative real-time PCR

Total RNA was extracted with the RNeasy kit (Qiagen), treated with
RNase-free DNase I (Qiagen), and reverse transcribed with oligo-dT
using the SuperScript III cDNA synthesis kit (Invitrogen). Quantitative
PCR was performed with the QuantiTect SYBR Green PCR Kit (Qiagen).
Specific primers for each gene were designed with the PrimerQuest soft-
ware (Integrated DNA Technologies), and the cDNA sequences of each
gene (GenBank) were used to produce 100-250 bp PCR amplicons that
span one or more exon/intron boundaries. For gene expression analysis
of mouse genes, RNA was isolated from the retina of KI ™~ /= KIYT old
and young mice of either sex.

Antibodies

Primary antibodies. The primary antibodies used were as follows: rat anti-
Klotho from TransGenic; mouse anti-MITF (microphthalmia transcription
factor) from Millipore; mouse anti-ACTB, rabbit anti-« adducin, and rabbit
anti-phospho (Ser481) adducin from Abcam; rabbit anti-TYR (tyrosinase)
from Sigma-Aldrich; and rabbit anti-CREB, rabbit anti-phospho (Ser133)
CREB, rabbit anti-VEGF receptor 2 (VEGFR2), rabbit anti-phospho
(Tyr996) VEGER?2, rabbit anti-IGF-1 receptor (IGF-1R) 3, mouse anti-
phospho-tyrosine, rabbit anti-SHP-2 (Src homology region 2-containing
protein tyrosine phosphatase-2), and rabbit anti-phospho (Tyr542) SHP-2,
from Cell Signaling Technology.

Secondary antibodies. The secondary antibodies used were as fol-
lows: donkey anti-rat TRITC-linked from Invitrogen; and goat anti-
rabbit HRP-linked and goat anti-mouse HRP-linked from Cell
Signaling Technology.

Immunostaining

RPE cells grown on plastic four-well chamber slides (Thermo Fisher
Scientific) were stained using established protocols for the primary and
secondary antibodies. Stained cells were mounted with anti-fading me-
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dium (Invitrogen), and images were captured by confocal microscopy
(FV1000 Confocal Microscope, Olympus).

Immunoprecipitation

RPE cells were treated with 75 ng/ml IGF-1 and with increasing doses of
KL (0, 100, 200, and 400 pm) for 15 min in serum-free EpiCM, and were
lysed immediately for immunoprecipitation with IGF-1R antibody. RPE
cells were homogenized in ice-cold immunoprecipitation buffer (1%
NP-40 buffer, 25 mm Tris-HCl pH 7.4, 10 mm sodium orthovanadate, 10
mM sodium pyrophosphate, 100 mm sodium fluoride, 10 mm EDTA, and
10 mm EGTA) supplemented with Protease and Phosphatase Inhibitor
Cocktail Tablets (Roche Applied Science), 1X Protease Inhibitor Cock-
tail Set I (EMD Millipore), and 1 mm phenylmethylsulfonyl fluoride
(PMSF; Sigma-Aldrich), and centrifuged for 10 min at 12,000 rpm. Ho-
mogenates were precleared with protein-A agarose beads following the
manufacturer’s instructions (Cell Signaling Technology). The protein
concentration was measured by the Bradford assay (Bio-Rad) and was
adjusted at 1 mg/ml. Homogenates containing 300 ug of total protein
were incubated with antibody anti-IGF-1R (Cell Signaling Technology)
diluted 1:100 for 16 h at 4°C, and then protein-A agarose beads were
added for 2 h. The immunoprecipitates were rinsed in lysis buffer three
times and then subjected to immunoblot analysis with anti-phospho-
tyrosine (Cell Signaling Technology) or anti-IGF-1R antibodies. Total
precipitated IGF-1R was also detected for normalization.

Immunoblot analysis

Protein samples were extracted in radioimmunoprecipitation assay
(RIPA) buffer (1% NP-40, 0.5% sodium deoxycholate, and 1% SDS in
1X PBS), containing freshly added Protease and Phosphatase Inhibitor
Cocktail Tablets (Roche Applied Science), 1X Protease Inhibitor Cock-
tail Set I (EMD Millipore), 1 mm sodium vanadate, 50 mm sodium fluo-
ride, and 1 mm PMSF (Sigma-Aldrich). Protein concentrations were
measured by Bradford assay (Bio-Rad). Protein samples were analyzed
using the NuPAGE electrophoresis and XCell Western blot system (In-
vitrogen). Primary and secondary antibodies were used based on the
manufacturer’s instructions. Immunoreactive protein bands were visu-
alized by the SuperSignal West Dura Chemiluminescent Substrate
(Pierce) followed by x-ray film imaging.

For detection of phospho-VEGFR2, RPE cells were treated with 200
pm KL for 15 min in serum-free EpiCM. VEGFA was added in the last 2
min of the incubation with KL at a concentration of 100 ng/ml, fol-
lowed by cell lysis and Western blot analysis with an antibody to
phospho-(Tyr996) of VEGFR2. Equal amounts (35 ug) of total pro-
tein were loaded from each sample. Total VEGFR2 was also detected
for normalization.

For detection of phospho-SHP-2, RPE cells were treated with increas-
ing doses of KL (0, 100, 200, and 400 pm) for 48 h in serum-free EpiCM
and lysed for Western blot analysis with an antibody to phospho-SHP-2.
Total SHP-2 protein levels were detected for normalization.

Measurement of cAMP

RPE monolayers were cultured in 96-well plates in EpiCM without se-
rum for 20 h and incubated with 10 ng/ml Klotho protein for various
time intervals, as described in the Results. The levels of intracellular
cAMP were measured using the cAMP-Glo Assay (Promega) following
the manufacturer’s protocol.

Measurement of L-dihydroxyphenylalanine by mass spectrometry

RPE monolayers were grown to confluency in 24-well plates. The RPE
cells were starved in serum-free EpiCM for 20 h, before treatment with 2
nM KL protein (R&D Systems) for 72 h. After the treatment with KL, the
cells were scraped, collected in 150 ul of water, and sonicated for 10 s for
cell lysis. A sample of 5 ul was mixed with RIPA buffer before sonication
and used for quantification of total protein concentration with Bradford
assay. An internal standard [d;-1-3,4-dihydroxyphenylalanine (1-DOPA),
Sigma-Aldrich] was added at a concentration of 250 nm and incubated
for 10 min on ice. Samples were vortexed and spun at 13,000 rpm for 20
min at 4°C. The supernatant was dried down completely and reconsti-
tuted in 100 pl of water, which was used for the TQ-S mass spectrometry
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analysis. The endogenous L-DOPA concentration was determined by
normalization to the internal standard and the protein concentrations.

Measurement of reactive oxygen species

The OxiSelect Intracellular ROS (reactive oxygen species) Assay Kit (Cell
Biolabs) was used. RPE monolayers were cultured in 96-well plates with
serum-free EpiCM for 20 h and then loaded with 1 mm cell-permeable
fluorogenic probe 2’-7'-dichlorodihydrofluorescein diacetate for 1 h,
followed by treatment with 2 nm KL for 24 h. During the last 2 h of KL
treatment, 500 um tBH (Sigma-Aldrich) was added to induce oxidative
stress. The fluorescence intensity of each sample, proportional to the
ROS levels, was measured against the fluorescence of the provided stan-
dard, using a Tecan Ultra 384 plate reader, following the manufacturer’s
protocol.

Results

Klotho knock-out mice exhibit an RPE

degenerative phenotype

Melanin granules play an important role in light absorption and
protection of the retina against light-induced toxicity and oxida-
tive stress (Cai et al., 2000; Seagle et al., 2005a,b; Wang et al,,
2006). Studies have shown that aging reduces the melanin con-
tent, and this decrease correlates with light-induced cell apopto-
sis (Schmidt and Peisch, 1986; Sarna et al., 2003). However, the
mechanism by which aging induces loss of melanin in RPE cells is
not known. Analysis of KI~/~ eyes by light microscopy revealed
a decrease in pigmentation in the RPE cells of KI '~ mice com-
pared with KI*™/* mice (Fig. 1A4,B). KI~'~ RPE cells contained
significantly fewer melanin granules (28.25 = 1.45) than KI™/"
RPE cells (36.0 £ 2.2; p < 0.04; Table 1). These morphological
changes suggest that Ki plays a regulatory role in melanin synthe-
sis in RPE cells in vivo. In addition, the layers of the choroid of
KI~'~ mice appeared to be deformed by large blood vessels, as
shown in Figure 1B.

Analysis of the retina and its supporting tissues at the ultra-
structural level revealed several striking abnormalities in K~/
mice (Fig. 1C-H). At 6 weeks of age, the choroid in KI*/* mice
appeared normal, with densely packed layers (Fig. 1C). In the
K1~ '~ mice, the choroid layers were deformed by severely dilated
blood vessels (Fig. 1D). Moreover, in the K/~ mice the BM
appeared thinner and deformed by the dilated choroidal vessels
(Fig. 1F). The KI~/~ RPE appeared degenerated with a light
cytoplasmic content (Fig. 1F) and disorganized melanosome dis-
tribution (Fig. 1F, white arrowheads) compared with KI*/* RPE
(Fig. 1E, arrowheads). Higher magnification of the KI~/~ RPE
also revealed damaged mitochondria (Fig. 1H, red arrowheads)
compared with control RPE (Fig. 1G, red arrowheads). The outer
segments of photoreceptor cells were thinner, showing signs of
degeneration in the KI ~/ ~ mice (Fig. 1F,H) compared with the
outer segments of photoreceptors in KI'*/* mice (Fig. 1 E,G). The
phagocytosis of the outer segment of photoreceptors by RPE ap-
peared to be absent in the KI '~ mice compared with KI"/" mice
(Fig. 1 H,G). Arrows in Figure 1G show various stages of phago-
cytosis; white arrowheads show mature lysosomal vesicles in the
KI*’* RPE compared with the absence of these structures in the
K1~/ RPE (Fig. 1H). Collectively, these observations suggest
that KL plays a key role in several important functions of the RPE
and retina in vivo, including melanogenesis, phagocytosis of pho-
toreceptor outer segments, and integrity of BM.

KL regulates melanogenesis and pigment synthesis in RPE

MITF is a master regulatory gene for survival of melanocytes
(Tassabehji et al., 1994; Goding, 2000) and a key transcription
factor that regulates the expression of TYR, the rate-limiting en-
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KI +/+

Figure 1. Klotho knock-out mice exhibit degenerative phenotypes in the retina. 4, B, Light microscopy images of the retina of
adult K"/ and K1~/ mice. The number of pigmentation granules in RPE cells is reduced by 30%. Eyes from four 6-week-old
K1~/ (B) and four age-matched K™/ (A) mice were dissected for histological analysis. The number of melanin granules was
counted in 10 RPE cells from each mouse; the statistical analysis of the results is presented in Table 1. The choroid (Ch) of the
KI~"~ mice showed deformed layers separated by dilated blood vessels (BV; B). POS, Photoreceptor outer segments. (~H,
Electron microscopy images of the retinal region of adult A/ and K/~ mice: choroid, RPE, and outer segments of the
photoreceptors of wild-type mice (C); choroid and RPE of K~/ ~ mice (D; the choroidal region appears grossly deformed with
tissue layers that have been separated by severely dilated BVs; RPE (R) of KI'*/* mice, showing normal cytoplasmic content,
normal mitochondria, and Bruch’s membrane (E); the RPE (R) of K/ ~/ ~ mice are degenerated with light cytoplasmic content,
damaged mitochondria (H, red arrowheads), and melanosomes with disorganized distribution (F, white arrowheads). BM is
thinner, deformed by dilated blood vessels, showing significant degeneration; F, black arrowhead). The POSs are thinner, showing
signs of degeneration (F, ) compared with the K/ */* photoreceptors (E, G); phagocytosis of the POSs is observed in the RPE cells
of KI*/* mice (G); arrows indicate presumptive phagocytotic vesicles at different stages of the phagocytosis process. White
arrowheads show the mature lysosomes. Red arrowheads show normal mitochondria. H, No signs of phagocytosis of the outer
segments of photoreceptors were observed in the RPE cells of K/ ~/ ~ mice. Red arrowheads show damaged mitochondria.
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zyme responsible for melanin biosynthe-
sis in the RPE (Schraermeyer et al., 2006;
Wang and Hebert, 2006). To examine the
effect of KL on melanogenesis, we cul-
tured primary human RPE cells. As shown
in Figure 2A, cultured human RPE cells
were immunoreactive for anti-Klotho,
and labeling was primarily localized to the
cell membrane, demonstrating KL expres-
sion in human RPE. To directly test a regu-
latory role of KL on human RPE
pigmentation, RPE cells were cultured for
16 h in the presence or absence of a physio-
logical concentration of recombinant KL
protein (100 pm), and gene expression levels
of MITF and TYR were measured by qRT-
PCR. Bath-applied KL significantly in-
creased MITF and TYR gene expression
(Fig. 2B; p = 0.0003 and 0.0065, respec-
tively). Conversely, transfection of human
RPE cells with KL siRNA for 48 h signifi-
cantly reduced the expression of MITF and
TYR (p = 0.0034 and 0.0009, respectively),
demonstrating that in RPE cells KL regulates
genes involved in melanin biosynthesis (Fig.
2C). KL siRNA reduced KL mRNA expres-
sion to 10% of controls (Fig. 2C), while the
cell viability remained at 80—90%. Western
blot analysis of KL-treated RPE cells re-
vealed a concentration-dependent increase
in MITF (with 400 pm KL) and TYR (with
200 pMm KL) protein levels at 24 and 48 h,
respectively (Fig. 2D). MITF is strongly ex-
pressed in RPE, and that might explain the
need of a higher KL concentration to in-
crease the basal level of MITF in vitro. The
delay in TYR increase might be explained by
the fact that MITF is required before induc-
tion of TYR expression. Since both MITF
and TYR genes are regulated through their
cAMP response elements (Bertolotto et al.,
1998; Widlund and Fisher, 2003; Wan et al.,
2011) and MITF also regulates TYR gene ex-
pression (Reinisalo etal., 2012), we analyzed
the ability of KL to regulate cAMP levels in
RPE. The treatment of human RPE with
bath-applied KL for various time intervals
showed that cAMP rapidly increased and
peaked after 10 min. This was followed by a
decrease to basal CAMP levels after 20 min
(Fig. 2E). We propose that the transient ac-
tivation of cAMP induced by KL is sufficient
to induce an increase in downstream gene
expression after 16 h. To further test this hy-
pothesis, we incubated human RPE cells for
1 h with 1 mm IBMX, a phosphodiesterase
inhibitor, as an independent means to ele-
vate intracellular cAMP levels. Similar to
KL, IBMX increased MITF and TYR gene
expression after 16 h (Fig. 2F), suggesting
that KL induced MITF and TYR gene ex-
pression by increasing intracellular cAMP
levels. Furthermore, treating RPE cells with
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Table 1. Comparison of numbers of melanin granules of RPE between K1/ and KI ~/~ mice

Mouse 1 (10 cells) Mouse 2 (10 cells)

Mouse 3 (10 cells)

Mouse 4 (10 cells) Average = SE Melanin granules

KI+/+ KI—/— KI+/+ KI—/— KI+/+

K="=

KI+/+ Kl —/— KI+/+ Kl —/= KI+/+ KI—/—

Melanin granules per cell 39.2 242 32.8 30.0 30.6

27.0 4.4 31.8

36.0 = 2.2% 2825 *+ 145 100% 70%

*p < 0.04 by t test.

isoproterenol, an «; - and 3,-adrenoreceptor agonist known to stim-
ulate RPE cAMP levels (Pierce et al., 2002), also increased MITF and
TYR gene expression after 16 h (Fig. 2G), suggesting that a G,-
coupled GPCR may be activated by KL to elevate intracellular cAMP.

To confirm the regulatory effect of KI gene on Mitf and Tyr
gene expression in vivo, the retinae of 6-week-old KI~/~ and
KI™*"™* mice of either sex were isolated and analyzed by qRT-PCR.
Our data showed a significant decrease in the level of Mitf (p =
0.001) and Tyr (p = 0.030) gene expression in the retina of the
KI~/~ mice compared with wild-type controls (Fig. 2H).

It has been reported that circulating levels of KL are decreased
during aging (Yamazaki et al., 2010). To test whether KI expres-
sion declines with aging in the wild-type retina, we analyzed the
Kl gene expression levels in the retina of six young (3 months old)
and six old (13 months old) C57BL/6 wild-type mice of either sex.
Figure 2I shows that retinal KI gene expression decreases with
aging (p = 0.008). In addition, to verify whether the decline in KI
gene expression translates into a decrease in Mitf and Tyr, and
therefore to a decrease in melanin synthesis during aging, we
compared the gene expression levels of Mitfand Tyr in the retinae
of young and old mice. Our data confirmed a significant decrease
in the Mitf (p = 0.025) and Tyr (p = 0.008) gene expression levels
in the retinae of aged mice compared with those of young mice
(Fig. 2I).

L-DOPA serves as a precursor to both melanins and cat-
echolamines, acting along separate pathways (Slominski et al.,
2004). It has been reported that both L-tyrosine and L-DOPA
stimulate, induce, or regulate various elements of the melano-
genic pathways (Slominski et al., 1988, 1989a,b; Slominski and
Costantino, 1991a,b; Halaban et al., 2001, 2002). Since our data
showed that KL regulates MITF and TYR expression and there-
fore affects pigmentation, we further investigated the role of KL
on L-DOPA secretion in human RPE. The incubation of human
RPE cells with 2 nm KL for 72 h followed by mass spectrometry
showed a significant increase in the endogenous L-DOPA levels,
as shown in Figure 2J.

Together, our studies with cultured RPE cells support the hy-
pothesis that KL plays an important role in melanin synthesis and
the maintenance of pigmentation in human and mouse RPE cells,
and that a decrease in KL during aging might lead to impaired
RPE function.

KL regulates phagocytosis in human and mouse RPE by
upregulating MERTK (MER receptor tyrosine kinase) gene
expression

Phagocytosis of the outer segment of photoreceptors is a crucial
function of the RPE, and an aging-induced decline in phagocy-
tosis is thought to contribute to age-related macular degenera-
tion (AMD; Sun et al., 2007). To assess whether KL has a
regulatory effect on human and mouse RPE phagocytosis, we
performed an EM analysis of the RPE and the outer segment of
photoreceptors of the KI ™/~ and KI*/" retinae. The arrows in
Figure 1G show various stages of the photoreceptor phagocytosis,
and the white arrowheads point to mature lysosomes in the RPE
of KI'*"* mice, whereas these stages are absent in the KI '~ RPE
(Fig. 1H). To investigate the mechanism by which KL may regu-

late phagocytosis, we treated primary human RPE cells with re-
combinant KL for either a 30 min or for a 16 h interval and
proceeded with the phagocytosis assay. The incubation of RPE
cells with KL for 30 min decreased phagocytosis (p = 7.8 X
10 °), whereas long-term incubation (16 h) significantly in-
creased (p = 1.3 X 10~°) phagocytosis in RPE cells (Fig. 3A).
Conversely, transfection of RPE with KL siRNA significantly
(p = 2.3 X 10™*) decreased phagocytosis at 72 h, further con-
firming a regulatory role of KL on phagocytosis (Fig. 3C). To
verify the involvement of cAMP and GPCR signaling in the reg-
ulation of phagocytosis by KL, we treated the RPE cells with 1 mm
IBMX or 100 uMm isoproterenol and observed after both treat-
ments the same pattern of an increase in phagocytosis efficiency
similar to that observed with bath-applied KL treatment (Fig.
3A,B). However, it should be pointed out that since long-term
incubation with isoproterenol or IBMX is toxic to the cells, we
incubated the cells for only 1 h with isoproterenol or IBMX and
measured phagocytosis 30 min and 16 h after removal of the
drug. This might explain the lower increase in the phagocytosis
rate with isoproterenol compared with KL (Fig. 3B). It has been
reported that an increase in intracellular cAMP acutely reduces
phagocytotic activity by B-adrenergic stimulation and by stimu-
lation of adenosine A2 receptors (Hall et al., 1993; Gregory et al.,
1994; Beitz et al., 1998). To further delineate the mechanism by
which KL may regulate phagocytosis in RPE cells, we verified the
expression of genes that are implicated in phagocytosis. MERTK
is a member of the MER/AXL/TYRO3 receptor kinase family;
mutations in the MERTK gene have been associated with disrup-
tion of the RPE phagocytosis pathway and retinitis pigmentosa
(RP; D’Cruz et al., 2000; Gal et al., 2000). Expression of MER/
AXL/TYRO3 was upregulated in RPE treated for 16 h with KL
(Fig. 3D-E). The MER/AXL/TYRO3 promoter region contains a
cAMP binding site (Korshunov, 2012). To further investigate the
cAMP- and GPCR-dependent regulation of the phagocytosis by
KL, we assayed the expression of MERTK, AXL, and TYRO3 genes
16 h after the removal of IBMX or isoproterenol. Similar to KL,
IBMX and isoproterenol increased the gene expression levels of
MER/AXL/TYRO3 (Fig. 3D,E). The lack of AXL induction by
both IBMX and isoproterenol, as opposed to KL, might be ex-
plained by the fact that KL was present for 16 h in the RPE culture
as opposed to the 1 h treatment with isoproterenol or IBMX.

To examine whether the regulatory effect of KL on phagocy-
tosis is mediated through activation of cAMP-PKA-induced
phosphorylation of CREB and downstream transcription regula-
tion of MER/AXL/TYRO3, we analyzed CREB phosphorylation
by Western blotting. As shown in Figure 3F, a 10 min treatment
with KL increases CREB phosphorylation in cultured human
RPE cells in a concentration-dependent manner. Together, these
results suggest that the KL-induced increase of RPE phagocytosis
is due to cAMP upregulation and cAMP-PKA-induced CREB
phosphorylation that leads to upregulation of MER/AXL/TYRO3
expression. To understand the short-term inhibitory effect of KL
incubation on RPE phagocytosis, in addition to the previously
reported B-adrenergic stimulation and activation of A2 receptors
(Hall et al., 1993; Gregory et al., 1994; Beitz et al., 1998), we
hypothesized that deactivation of cytoskeleton proteins such as
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Figure2. KL regulates melanogenesis and pigment synthesis in RPE cells. 4, KL protein is expressed in primary human RPE, as
shown by anti-Klotho immunolabeling (red). B, MITF and TYR gene expression in human RPE cultures is significantly increased
following treatment with KL 10ng/ml (100 pm) for 16 h. Relative gene expression was assessed by qRT-PCR analysis of RNA samples
isolated from untreated RPE and RPE treated with KL. p = 0.0003 (MITF) and p = 0.0065 (TYR). C, The expression levels of MITF
and TYR mRNAs were significantly reduced in human RPE transfected with specific siRNA for KL (siKL), compared with RPE
transfected with scrambled siRNA (siNeg), as shown by qRT-PCR. p = 0.0027 (KL), p = 0.0034 (MITF), and 9 X 10 —* (TVR).
Results in B and C represent the average of three independent experiments, and the qRT-PCR was performed in triplicate. RNA
samples were normalized to human GAPDH, and the relative expression levels for each gene were calculated with the AACt
method. D, Treatment of human RPE with KL protein increased the protein levels of MITF and TYR in a dose- and time-dependent
manner, as shown by Western blot analysis with MITF and TYR antibodies. 3-actin (ACTB) was used as a normalization control. E,
Treatment of human RPE for 10 min with KL protein (100 pm) leads to a fivefold increase in cAMP levels. The cells were grown in
96-well plates (50,000 cells/well), and 6 wells were measured at each time point. The relative concentration of cAMP was calcu-
lated for each sample using a standard curve. The experiment was repeated twice, and the average concentrations for each time
point are presented in the graph. The asterisk shows the increase in cCAMP levels at 10 min of KL treatment, which is statistically
significant as determined by t test (p = 0.0023). F, IBMX, an inhibitor of phosphodiesterases, induces MITF and TYR gene
expression similarly to KL, by maintaining elevated levels of cellular cAMP. p = 0.0021 (MITF) and p = 0.0049 (TYR). G, Isopro-
terenol, an c;-and [3,-adrenoreceptor agonist that raises intracellular AMP levels, can also induce MITF and TYR gene expression
similarly to KL. Human RPE cells were treated with 100 wum isoproterenol for 1 h, then isoproterenol was removed and RNA was
isolated 16 h later for qRT-PCR. p = 0.0108 (MITF) and p = 0.0069 (TYR). H, A significant decline in the expression of Mitfand Tyr
genes was observed in the retina of K/ ~/ ~ mice compared with the K"/ mice. RNA samples isolated from the retinas of three
KI*/* and three K~/ ~ mice were used separately for the gRT-PCR analysis. Each sample was analyzed in triplicate, normalized
to mouse B-actin (Actb), and the relative expression levels for each gene were calculated with the AACt method. The average
relative expression == SD for each sample is shown in the graph. p = 0.001 (Mitf), p = 0.030 (Tyr), and p = 0.001 (K1). I,
Age-dependent decline in the expression of Mitf, Tyr, and Kl genes is observed, as demonstrated by qRT-PCR on retinal samples of
sixyoung (3 months old) and six old (13 months old) mice. Total RNA was isolated from six C57BL/6 mice of each age group, and the
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adducin by PKA phosphorylation might
inhibit phagocytosis by preventing the
spectrin—actin complex formation that
could affect the membrane structures and
therefore phagocytosis in RPE. Adducin is
a membrane-skeletal protein that pro-
motes association of spectrin with actin
and caps the fast growing end of actin fil-
aments (Matsuoka et al., 1996). Phos-
phorylation of a-adducin at Ser-408,
-436, and -481 by PKA reduces the affinity
of adducin for spectrin—F-actin com-
plexes as well as the activity of adducin in
promoting the binding of spectrin to
F-actin (Gardner and Bennett, 1986; Mat-
suoka et al., 1996). We analyzed the phos-
phorylation of adducin in the RPE treated
with KL for different time intervals. Inter-
estingly, KL treatment of RPE induced ad-
ducin phosphorylation after 5 and 10 min
of incubation, followed by a decrease in
adducin phosphorylation after 15 min to
1 h incubation reaching the basal phos-
phorylation levels (Fig. 3G). This short-
term phosphorylation is sufficient to
inhibit adducin binding to spectrin and
F-actin, and may explain the short-term
inhibition of phagocytosis after 30 min of
incubation with KL that was observed in
our data (Fig. 3A,B).

To confirm the regulatory effect of KL
on phagocytosis in vivo, we compared the
gene expression levels of the Mer/Axl/
Tyro3 in the retina of the K"/~ and
KI*/* mice. Our data showed a significant
decrease in the levels of Mer/Axl/Tyro3
gene expression in the retinae of KI =/~
mice compared with those of KI™* mice
(Fig. 3H). Furthermore, to correlate the
age-related decline in the KL protein in
the retina and the MER/AXL/TYRO3 gene
expression levels, we performed qRT-
PCR in the retinae of old and young mice.
Our data in Figure 3I show a significant
decline in the gene expression levels of
Mer/Axl/Tyro3 in the retinae of old mice
compared with young mice.

<«

gRT-PCR for each sample was performed in triplicate, as de-
scribedin H. p = 0.025 (Mitf), p = 0.008 (Tyr), and p = 0.008
(KI). Asterisks in B, C, F, G, H, and [ indicate samples with
significant differences in gene expression compared with the
control, as determined by the ¢ test (p << 0.05). J, .-DOPA
synthesis in human RPE cells treated with 2 nm KL protein for
72 hshowed significantincrease (p = 0.01) as determined by
mass spectrometry analysis, compared with L-DOPA synthesis
in RPE cells not treated with KL in the same culture conditions.
The mass spectrometry data were normalized based on an in-
ternal standard (d;--DOPA) and the protein concentration.
The results of three independent experiments are presented.
Theasteriskindicates significantincrease in the presence of KL,
determined by £ test.
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Figure3. KL regulates phagocytosis in human and mouse RPE cells by upregulating MERTK gene expression. 4, B, Treatment of RPE cells with 10 ng/ml (100 pu) recombinant KL protein results
in a short-term (30 min) decrease and a long-term (16 h) increase in phagocytosis efficiency. Treatment with 1 mm IBMX (4) or with 100 wum isoproterenol (B) for 1 h has a similar effect on the
phagocytosis efficiency 30 min and 16 h later. Results are the average = SD of three independent experiments. RPE in six wells of a 96-well culture dish were used in each group. Asterisks indicate
statistically significant differences in phagocytosis efficiency compared with the untreated control, as determined by the t test (p << 0.05). p valuesin A: 7.8 X 10 > (KL 30 min); 1.3 X 10 6 (KL
16 h); 4.0 X 10~ (IBMX 30 min); 2.1 X 10~ (IBMX 16 h). p values in B: 2.0 X 10 ~* (KL 30 min); 8.0 X 10 ~* (KL 16 h); 4.6 >X 10 > [isoproterenol (Isop.) 30 min]; 2.7 X 10 ~*(Isop. 16 h).
€, RNAi knockdown of KL gene in RPE cells significantly reduces phagocytosis efficiency 72 h post-transfection. *p = 2.3 X 10 ~* compared with scrambled siRNA (siNeg) control. Results represent
two independent experiments, with 6 wells of a 96-well plate used in each group. D, E, Expression of genes important in phagocytosis in RPE cells (i.e., AXL, MERTK, TYR03) is significantly increased
by a 16 h treatment of RPE with KL protein, explaining the long-term effect of KL on phagocytosis. Treatment with T mum IBMX (D) or with 100 wum isoproterenol (E) for 1 h could also induce the
expression of MERTK and TYRO3, but not of AXL, 16 h later. Asterisks indicate statistically significant differences between the untreated RPE cells and the RPE cells treated with IBMX, isoproterenol,
orKLin the gene expression of the indicated genes, as determined by the ¢ test (p << 0.05). Specifically, only KL treatment was able to increase the expression of AXL (D, E) compared with untreated
RPE cells (p = 0.02) and RPE cells treated with IBMX (p = 0.05, D) orisoproterenol ( p = 0.03, E). MERTK expression increased with KL treatment (p = 0.001, D, E), as well as with IBMX ( p = 0.006,
D) and isoproterenol (p = 0.026, E) treatments. IBMX treatment resulted in ~50% higher levels of MERTK compared with the KL treatment (p = 0.01, D). Similarly, TYRO3 gene expression was
significantly increased by KL (p = 0.002, D, E), IBMX (p = 9 X 10 —*, D), and by isoproterenol (p = 0.009, ). KL treatment resulted in ~30% higher TYRO3 levels compared with the TYR03
increase caused by the IBMX treatment (p = 0.01, D). F, KL protein induces CREB phosphorylation in a concentration-dependent manner. RPE cells were treated with increasing doses of KL (0 — 400
pm) for 10 min and then lysed for Western blot analysis. A PKA-dependent increase in phosphorylation of CREB at Ser133 was revealed at 400 pm KL with a phospho-specific antibody. Levels of total
CREB protein were not altered. G, KL protein induces PKA-dependent phosphorylation of adducin (at Ser481). RPE cells were treated with 100 pm KL and then lysed in RIPA buffer at the indicated time
points for Western blot analysis. Phospho-adducin levels were detected by a specific antibody. Total adducin protein levels are also shown for normalization. The increase in phosphorylation of
adducin caused by KL in 5-10 min may explain the inhibitory effect on RPE phagocytosis observed with short-term (30 min) treatment of RPE with 100 pm KLin Figure 3, Aand B. H, I. Gene expression
of phagocytosis factors (Ax, Mertk, Tyro3) s significantly reduced in the K/ ~/ ~ mouse retinas (H) compared with the K/ ™/ mouse retinas (H), and in old mouse retinae (13 months, /), compared
with young mouse retinae (3 months, /). p values in H: 0.035 (Ax/), 0.034 (Mertk) and 0.004 (Tyro3). p values in I: 0.004 (Ax1), 0.015 (Mertk), and 0.002 (Tyro3). For the qRT-PCR analysis in H, RNA
samples were isolated from the retinae of three K™ and three K/ ~/ ~ mice, and were analyzed separately. For the qRT-PCRin /, the RNA samples were isolated from the retinae of six young (3
months old) and six old (13 months old) C57BL/6 mice, and also were analyzed separately. The RNA samples in D and E were normalized to human GAPDH; in H and /, the mouse [3-actin (Actb) was
used for normalization, and the relative expression levels for each gene were calculated with the AACt method. The qRT-PCR analyses (D, E, H, and /) were performed in triplicate, and the
average = SD is shown for each sample.

It has been reported that Ca>™ signaling plays an important
role in RPE function and in the regulation of phagocytosis
(Rosenthal and Strauss, 2002; Nunes and Demaurex, 2010). The
regulation of TRPV5 and Ca”" homeostasis has been attributed
to secreted a-KL protein (Imura et al., 2007; Cha et al., 2008; Lu
et al., 2008). Further, it has been reported that TRPVS5 is ex-

pressed in human RPE and can regulate Ca®" entry (Kennedy et
al., 2010). Therefore, we asked whether KL could activate TRPV5
channels in human RPE. Ca®" imaging showed that KL treat-
ment (24 h) did not increase [Ca®"] in human RPE (data not
shown). This suggests that, unlike epithelial cells in the kidney,
the TRPVS5 channel in RPE cells is not regulated by KL protein.
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KL inhibits VEGF secretion in human RPE. A, Treatment of RPE with 10 ng/ml KL protein results in lower levels of VEGF secreted both from the apical and the basal sides, with 50% lower

secretion from basal membrane. Three wells of a 24-well plate were used for each sample. Three independent experiments (total of nine wells per sample) were performed, and the average VEGF
concentrations are presented in the graph. Asterisks indicate statistically significant differences in VEGF concentration between control and KL-treated RPE cells, as determined by the ¢ test (p <
0.05). KL significantly reduced VEGF secretion both from the apical (p = 0.026) and from the basal (p = 0.011) sides. B, KL inhibits IGF-1 signaling in human RPE cells. The immunoprecipitated
phospho-IGF-1R (shown by the arrow) was detected by Western blot analysis with the phospho-tyrosine antibody. Total precipitated IGF-1R was also detected for normalization. KL was able to
inhibit the phosphorylation of IGF- 1R at concentrations of 200 and 400 pm. €, KL inhibits VEGFR2 phosphorylation in human RPE. The phosphorylated VEGFR2 could not be detected when VEGFA was
added in the presence of KL, compared with RPE cells treated with VEGFA alone, or untreated RPE cells, indicating an inhibitory effect of KL on VEGFR2 phosphorylation. Total VEGFR2 is shown for
normalization. The relative densities of the bands were determined using ImageJ software. D, KL induces phosphorylation of SHP-2 in human RPE cells. KL was able to induce SHP-2 phosphorylation
at 200 pm. Total SHP-2 protein levels are shown for normalization. IP, Immunoprecipitation; WB, Western blot.

KL inhibits VEGF secretion in human RPE

Choroidal neovascularization (CNV) is a hallmark of wet AMD
and induces a progressive vision loss in patients (Nowak, 2006).
VEGEF, IGF-1, and IGF-1R have been implicated in CNV. It has
been shown that IGF-1 signaling and VEGFR2 phosphorylation
can induce VEGEF secretion in RPE (Slomiany and Rosenzweig,
2004; Klettner et al., 2013), and that inhibitors of IGF-1R reduce
VEGEF secretion (Slomiany and Rosenzweig, 2004; Economou et
al., 2008). Studies have demonstrated the inhibition of IGF-1
signaling with KL in rat hepatocellular carcinoma (hepatoma)
cells (Kurosu et al., 2005) and human breast cancer cells (Wolf et
al., 2008). In addition, a recent study showed that KL protein is
associated with VEGFR-2/transient receptor potential canonical-1
(TRPC-1) channel in causing cointernalization and the regulation of
TRPC-1-mediated Ca®" entry to maintain endothelial integrity
(Kusaba et al., 2010).

To examine the ability of KL to inhibit VEGF secretion in
human RPE, we cultured human RPE in transwell plates for 4
weeks to obtain polarized RPE monolayer. Treatment of polar-
ized RPE with 10 ng/ml KL for 48 h produced a significant de-
crease in VEGF secretion from both apical (p = 0.026) and
basolateral membranes (p = 0.011) with a 50% decrease in secre-
tion from the basolateral membrane (Fig. 4A). To delineate the
mechanism by which KL regulates VEGF secretion, we have an-
alyzed the effect of KL on tyrosine phosphorylation of IGF-1R by
performing immunoprecipitation of RPE extracts after a 15 min
treatment with different concentrations of KL and 75 ng/ml

IGF-1, using an antibody to IGF-1R. Detection of phosphory-
lated IGF1-R was performed by Western blot analysis with an
anti-phospho-tyrosine antibody. Our data in Figure 4B reveal an
inhibition of tyrosine phosphorylation of IGF-1R by KL at 200
pM (20 ng/ml) and 400 pm (40 ng/ml), indicating that KL can
inhibit VEGF secretion by inhibiting IGF-1 signaling in human
RPE. The inhibition of IGF-1R signaling might also contribute to
the cAMP activation in RPE shown above (Fig. 2E), since it has
been shown that IGF-1 acutely reduces cAMP levels in astrocytes
(Chesik et al., 2008). To investigate the effect of KL on VEGFR2
phosphorylation, we incubated human RPE with and without
200 pM (20 ng/ml) KL for 15 min and activated the phosphory-
lation of VEGFR2 by adding 100 ng/ml human recombinant
VEGF for 2 min, followed by Western blot analysis using the
phospho-tyrosine (Tyr996) VEGFR?2 antibody. Our data in Fig.
4C show inhibition of VEGFR2 phosphorylation by KL confirm-
ing the inhibitory effect of KL on VEGFR2 phosphorylation and
therefore VEGF secretion (Klettner et al., 2013).

Since our data demonstrated that KL regulates AXL gene ex-
pression (Fig. 3D, E), we were interested in examining whether
KL regulates AXL-dependent pathways that contribute to
VEGEFR?2 regulation. It has been shown that AXL tyrosine kinase
receptor can inhibit VEGFR2 through the activation of SHP-2 in
endothelial cells (Gallicchio et al., 2005). To further investigate
the mechanisms by which KL regulates VEGFR2 phosphoryla-
tion, we analyzed the phosphorylation of SHP-2 at Tyr542 in
human RPE cells in the presence and absence of KL. SHP-2 phos-
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phorylation is thought to relieve basal inhibition and stimulate
SHP-2 tyrosine phosphatase activity in living cells (Lu et al.,
2001). Figure 4D shows SHP-2 phosphorylation by 200 pm KL
after 48 h of treatment of RPE, indicating that the regulatory
effect of KL on VEGF signaling also involves the AXL-dependent
pathway. It should be noted that we have also assayed the phos-
phorylation of SHP-2 after 24 h of KL treatment and did not
detect an increase in phosphorylation, possibly because a 24 h
interval is required for AXL overexpression in the presence of KL
(Fig. 3D, E) before the phosphorylation rate of SHP-2 is in-
creased. Together, our data show that KL inhibits VEGF secretion
in human RPE by reducing IGF-1-mediated phosphorylation
of IGF-1R and by inhibiting VEGR2 phosphorylation. KL can
also activate AXL gene expression that, in turn, can activate
SHP-2 phosphorylation, which is responsible for AXL-
mediated VEGFR2 inhibition.

Our in vitro studies help to explain the in vivo phenotypes
observed in the choroid of the KI~/~ mice, where choroid tissue
layers were separated by severely dilated blood vessels. Since KL
exerts an inhibitory effect on VEGF signaling, we hypothesize
that the absence of KL could cause excessive VEGF secretion from
the basal membrane of RPE, increasing blood vessel formation
and leading to the deformation of choroid layers, as observed in
Figure 1D.

KL regulates the expression of drusen protein coding and
AMD-associated genes, and decreases ROS production

RPE cells are constantly subjected to oxidative stress and high
levels of peroxidized lipid membranes due to their high metabolic
activity (Cai et al., 2000). Extended exposure to oxidative stress
can disrupt RPE tight junctions inducing the breakage of the
blood barrier and producing abnormal membrane bleb struc-
tures (Negi and Marmor, 1984; Feeney-Burns et al., 1987). Fur-
thermore, impairment of RPE function in dry AMD can induce
the formation of abnormal extracellular deposits called drusen
that accumulate between the RPE and BM (Abdelsalam et al.,
1999). KL has been shown to regulate oxidative stress by increas-
ing the superoxide dismutase 2 (SOD2) gene expression levels
(Yamamoto et al., 2005). To investigate the effect of KL on regu-
lating the response to oxidative stress in RPE cells, we have estab-
lished an in vitro acute stress condition by exposing RPE to 500
M oxidative stress-inducing agent tBH for 2 h. We have cultured
human RPE cells under normal and stress conditions in the pres-
ence and absence of KL, and have analyzed the expression of the
stress-related genes by qRT-PCR. Human RPE cells grown under
stress condition significantly increased the expression of the
drusen protein-coding genes CRYAA and CRYGS. In addition,
VEGFR2 and VEGFA, two genes expressed by RPE cells that have
been associated with AMD, are increased by oxidative stress. In-
terestingly, incubating the RPE with KL for 16 h before and dur-
ing the treatment with tBH significantly reduced the expression
levels of the stress-related genes to control levels (Fig. 5A4). Our
data strongly suggest that KL plays a protective role against oxi-
dative stress by regulating the expression of drusen-associated
genes and genes associated with AMD. To examine the mecha-
nism by which KL protects RPE against oxidative stress, we in-
vestigated the ability of KL in activating the expression of the
mitochondrial manganese SOD2, which reduces oxidative stress
and is the target gene upregulated by the forkhead family of tran-
scription factors, which in turn are negatively regulated by IGF-
1/IGF-1R signaling (Guo et al., 1999; Nakae et al., 1999; Rena et
al., 1999). Our data showed that the incubation of RPE cells with
KL for 16 h did not increase the SOD2 gene expression under
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normal culture conditions. However, KL was able to restore the
SOD?2 gene expression to normal levels under oxidative stress
conditions, where SOD2 levels were significantly downregulated
(p = 0.0016; Fig. 5B). On the contrary, KL siRNA significantly
reduced (p = 0.036) the SOD2 gene expression in RPE cells (Fig.
5C), further supporting the role of KL in maintaining normal
levels of SOD2.

To confirm that KL can protect RPE against oxidative stress,
we measured the levels of ROS under oxidative stress conditions
in the presence and absence of KL. As shown by our data in Figure
5D, the human RPE cells produced increased levels of ROS under
oxidative stress conditions in the absence of KL, whereas the ROS
production was decreased to the normal (i.e., no stress) levels in
the presence of KL (Fig. 5D). These observations further support
the protective role of KL against oxidative stress in RPE cells.

Finally, to test a possible role for cAAMP signaling in mediating
the KL effect on the stress response genes, we treated RPE cells
with 100 uM isoproterenol or 1 mm IBMX for 1 h, removed the
isoproterenol or IBMX, treated the cells with tBH 16 h after re-
moval of the drugs, and compared the expression of stress re-
sponse genes under stress and normal conditions, with or
without treatment with isoproterenol or IBMX. For CRYAA
(Cvekl et al., 1995) and VEGFR2 genes, isoproterenol treatment
alone could decrease the gene expression to normal levels under
stress (Fig. 5E), which is similar to the effect of KL treatment (Fig.
5A). For CRYGS and VEGFA, although isoproterenol reduced
their gene expression under stress, it could not reduce it back to
the normal levels (Fig. 5E). CRYAA and CRYGS gene expression
was reduced to normal levels by IBMX under the stress condition
(Fig. 5F), similar to the effect of KL on these genes (Fig. 5A).
However, the effect of IBMX on the expression of VEGFR2 and
VEGFA genes was different than that of KL. IBMX increased
VEGFA gene expression under oxidative stress (Fig. 5F). In ad-
dition, IBMX increased VEGFR?2 expression levels both in nor-
mal and stress conditions (by 16-fold and 70-fold, respectively),
suggesting that the expression of these genes is regulated by ad-
ditional signals in addition to cAMP. Because IBMX is a nonspe-
cific inhibitor of both cAMP and cGMP phosphodiesterases, it is
expected to have a broader effect on gene expression than that of
isoproterenol (Fig. 5E). Therefore, the precise signaling pathways
by which KL regulates the drusen-coding genes and AMD-related
genes need to be further investigated.

Discussion

Our studies demonstrate that the anti-aging protein KL plays a
critical role in RPE physiology and retinal health. In the wild-type
mouse retina, we observed an age-dependent decline in K ex-
pression. Germline ablation of KI leads to numerous structural
changes in the adult retina in vivo, and most prominently affects
Bruch’s membrane, the RPE, photoreceptor outer segments, and
retinal supporting tissue, the choroid. Functional studies with
primary cultured human RPE cells identified signaling pathways
regulated by KL, which have been implicated in melanogenesis,
phagocytosis, oxidative stress responses, and vascularization.
Specifically, we find that KL regulates the expression of genes
important for melanin synthesis, upregulates MERTK expression
and promotes phagocytosis, inhibits VEGF secretion, increases
the expression of gene products that protect from oxidative
stress, and reduces ROS production under oxidative stress. Based
on these findings, we propose that KL has a protective function in
the retina and is an important regulator of RPE physiology.
Therefore, it is tempting to speculate that the downregulation of
KL during aging may impair RPE function and contribute to
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Figure5. KL protects RPE cells from oxidative stress. A, Oxidative stress was induced in RPE cells in the absence and presence of KL. Three wells were used for each of the four conditions (No stress,
no KL; No Stress, +KL; Stress, no KL; and Stress, +KL). RNA was isolated from each well and was analyzed separately by qRT-PCR. Each reaction was performed in triplicate (total of nine samples
from each condition). Relative expression values for each gene were calculated using the A ACt method after normalization to GAPDH. The average of the three experimentsis presented in the graph.
KL reduced the expression of all four stress-related genes that were tested under the stress condition, supporting its protective role against oxidative stress in RPE cells. Asterisks indicate samples with
statistically significant differences in gene expression based on the t test (p << 0.05). Specifically, stress in the absence of KL significantly increased the expression of CRYAA (p = 0.005), CRYGS (p =
0.031), VEGFR2 (p = 0.035), and VEGFA (p = 0.006), whereas KL under stress decreased the expression of CRYAA (p = 0.005), CRYGS (p = 0.001), and VEGFR2 (p = 0.013) genes to the normal
(No Stress, no KL) levels or lower. VEGFA gene expression was also decreased under stress by KL, but did not reach normal levels (p = 0.019). B, KL increases SOD2 gene expression under the stress
condition. RPE cells were cultured and treated as described in A, and SOD2 gene expression was assayed. KL did not affect SOD2 mRNA levels when added in normal culture condition, but, when
combined with stress, where SOD2 mRNA was decreased significantly, KL was able to restore the SOD2 expression to normal levels. *p = 0.0016. €, KL RNAi knockdown in RPE cells results in a 60%
decrease of SOD2 gene expression levels, as shown by qRT-PCR, further supporting a regulatory role of KL on SOD2. The graph represents the average of three experiments, and the asterisks indicate
statistically significant differences in gene expression (p = 0.011for KL, p =0.036 for SOD2). D, KL significantly decreased the production of ROS under oxidative stress in primary cultures RPE1and
RPE2. The experiments were performed in triplicate, in 96-well plates. The statistical significance of the decrease in ROS levels between KL treated and untreated cells was verified by ¢ test, resulting
inp values << 0.05 for each time point. 5 min: p = 0.005 (RPE1) and p = 0.001 (RPE2); 15 min: p = 0.005 (RPET) and p = 0.001 (RPE2); 30 min: p = 0.011 (RPE1) and p = 0.004 (RPE2); Th:p =
0.020 (RPE1) and p = 0.0005 (RPE2). E, F, The cAMP agonist isoproterenol (E) and the cAMP and cGMP phosphodiesterase nonspecificinhibitor IBMX (F) can partially protect RPE cells from oxidative
stress by reducing the mRNA levels of two of four stress-related genes (CRYAA and VEGFR2 reduced by isoproterenol; CRYAA and CRYGS reduced by IBMX) back to normal levels under the stress
condition. Statistically significant differences in gene expression ( p << 0.05) for each gene between the control [No isoproterenol (Isop.), No Stress, E; and No IBMX, No Stress, F) and the experimental
conditions are indicated by the asterisks. Specifically, stress in the absence ofisoproterenol (£) significantly increased the expression of CRYAA (p = 0.013), CRYGS (p = 0.031), VEGFR2 (p = 0.003),
and VEGFA (p = 0.017), whereas the presence of isoproterenol under the stress condition reduced CRYAA and VEGFR2 to normal levels, but not CRYGS (p = 0.015) and VEGFA (p = 0.003).
Furthermore, stress in the absence of IBMX (F) significantly increased the expression of CRYAA (p = 0.026), CRYGS (p = 0.01), and VEGFR2 (p = 0.01), whereas the presence of IBMX under the stress
condition reduced CRYAA and CRYGS to normal levels or lower, but increased VEGFR2 (p = 0.0074) and VEGFA (p = 0.002).

used primary human RPE cells and analyzed the effect of KL
on gene and protein expression of MITF and TYR, two pivotal
genes in melanogenesis. We found that KL can regulate MITF

pathologic changes observed in age-related retinal degeneration,
such as AMD.

RPE pigmentation is regulated by KL

Studies in humans, examining eyes over several decades of life,
revealed an age-dependent ~25% decline in the number of
melanin granules in the RPE and the choroid (Feeney-Burns et
al., 1984; Weiter et al., 1986; Sarna et al., 2003; Bonilha, 2008).
The loss of KI expression has been associated with premature
tissue aging and reduced lifespan (Kuro-o et al., 1997). Inter-
estingly, we found that KI~/~ mice exhibit a decline in the
number of pigment granules in RPE cells. To investigate the
mechanism by which KL might regulate melanogenesis, we

and therefore TYR through a cAMP-dependent signaling
pathway. Consistent with our findings, two previous studies
with endothelial cells showed that KL elevates intracellular
cAMP (Yang et al., 2003; Rakugi et al., 2007). In the aging
mouse retina, K/ gene expression is significantly reduced and
correlates with a decline in Mitfand Tyr gene expression in old
(13 months of age) compared with young (3 months of age)
mice, providing a possible explanation for the age-dependent
decline in RPE pigmentation. The more pronounced decline
in Mitf and Tyr gene expression in the retina of KI~/~ com-
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pared with KI*/* mice is consistent with the idea that the loss
of Kl leads to decreased RPE pigmentation.

Moreover, two independent studies reported a decline in cir-
culating soluble a-Klotho levels in aging humans (Yamazaki et
al., 2010; Semba et al., 2011), further supporting our hypothesis
that an age-related decrease in KL synthesis and availability could
lead to a decline in RPE pigmentation.

Whether KL gene expression and protein levels decline during
aging in human RPE cells and compromise pigmentation in vivo
remains to be investigated.

Kl deficiency induces retinal degeneration

At 6 weeks of age, we observed severe morphological abnormal-
ities in the choroid and Bruch’s membrane. In addition, we ob-
served signs of RPE and photoreceptor degeneration, including
mitochondrial damage and cellular atrophy. Since the RPE is an
integral part of the retinal blood barrier, damage of Bruch’s mem-
brane and the RPE may lead to neovascularization. Moreover,
RPE degradation can translate into photoreceptor degeneration
and the gradual loss of vision as observed in age-related retinal
degeneration (Matsunaga et al., 1999; Kozlowski, 2012).

A recent study reported on the upregulation of a-Klotho in
degenerating photoreceptors of rd1, rd2, P23H, and S334ter ani-
mal models of RP (Farinelli et al., 2013). The same study found
that exogenous application of a-Klotho to explant cultures of
wild-type and rdI retinae did not affect the number of apoptotic
cells but caused disorganization at the edge of retinal explants
compared with untreated specimens. In the present study, we
provide independent lines of evidence that Klotho plays a protec-
tive function in mouse retinae in vivo and toward cultured hu-
man RPE cells in vitro. We used a KI ~ '~ mouse model and found
that lack of KI expression induces RPE, photoreceptor, and
Bruch’s membrane degeneration. We also used primary cultures
of human RPE cells and observed a protective role for KL in
regulating oxidative stress genes and ROS production. Farinelli et
al. (2013) used whole retinal explants of rdl mice and found no
evidence for a protective role of bath-applied KL toward photo-
receptors. Important differences between the two studies are the
use of different animal models to study retinal pathology (KI~/~
vs rd1) and the concentration of bath-applied KL (Farinelli et al.,
2013; 100 pm vs 1-2.5 nM). Also, KL may only protect against
oxidative damage but not retinal damage caused by the rdl mu-
tation. Additional studies are needed to determine whether the
increased expression of KL in rd1 animals observed by Farinelli et
al. (2013) directly contributes to photoreceptor cell apoptosis or
is part of an adaptive response to counteract retinal cell death.

Regulation of RPE phagocytosis by KL
Lifelong phagocytosis of the outer segment of photoreceptors by
the postmitotic RPE eliminates the photoreceptor cell wastes and
retains the recyclable cellular material. This RPE function is cru-
cial for maintenance of photoreceptors, continuously generating
new outer segments from their base (Kevany and Palczewski,
2010). Lipofuscin is a complex aggregate of material that occurs
in a variety of metabolically active postmitotic cells such as RPE
(Yin, 1996; Boulton et al., 2004) and mainly derives from the
ingestion of photoreceptor outer segments. Pronounced accu-
mulation of lipofuscin during aging induces phototoxicity, which
isattributed to the decline in RPE function (Sundelin et al., 1998).
Our analysis of KI~/~ RPE by EM, revealed an apparent ab-
sence of phagocytosis of the outer segments of the photorecep-
tors, whereas various stages of phagocytosis were observed in the
retina of the KI'*/* mice.

Kokkinaki et al. ® Klotho Regulates Retinal Functions

Consistent with our ultrastructural findings, in vitro studies
with RPE demonstrate that KL induces phagocytosis in RPE by
regulating the expression of MERTK. Using KL siRNA to knock
down KL gene expression, we further confirmed a regulatory role
for KL in RPE phagocytosis, demonstrating that KL downregula-
tion inhibits phagocytosis in RPE cells. In vivo, MERTK expres-
sion is significantly reduced in the retina of KI '~ compared
with KI*/* mice. A direct correlation between the decrease of KL
protein in human eyes during aging and lipofuscin formation
should be a focus of future investigations.

VEGEF secretion in RPE is inhibited by KL

RPE cells secrete several growth factors that support the survival
of photoreceptors, and ensure a structural basis for the transport
and supply of nutrients (Strauss, 2005). VEGF is secreted at low
concentration by the RPE cells in the healthy eye to ensure an
intact endothelium of the choriocapillaries and to prevent endo-
thelial cell apoptosis (Burns and Hartz, 1992; Strauss, 2005),
whereas in AMD, VEGEF is secreted at a higher rate, resulting in
CNV (Kliffen et al., 1997). The ultrastructural analysis of the
K1~/ retinal region revealed severely dilated blood vessels in the
choroid separating and deforming the choroid tissue layers,
therefore suggesting an important role for KL in regulating VEGF
secretion. Our in vitro data demonstrated that KL regulates VEGF
secretion in RPE cells by the downregulation of IGF-1 signaling
through the inhibition of IGF-R tyrosine phosphorylation and by
the inhibition of VEGFR2 phosphorylation. Our results also
showed that KL induces the phosphorylation of SHP-2, which in
turn can inhibit VEGFR2 activation (Gallicchio et al., 2005).
These observations suggest possible therapeutic applications for
KL protein for the treatment of CNV observed in wet AMD.

The expression of drusen protein-coding genes, AMD-
associated genes, and ROS production are modulated with KL
KL has been reported to have antioxidant activity in human en-
dothelial cells (Carracedo et al., 2012) and rat aorta smooth mus-
cle cells (Wang et al., 2012b). Here we experimentally established
a stress condition to induce the expression of drusen and stress-
related genes. We found that KL has the ability to modulate the
gene expression of drusen protein-coding genes and genes asso-
ciated with AMD. Interestingly, KL appears to exert a protective
effect against oxidative stress by regulating the expression of these
genes back to control levels. We provide evidence that KL can
regulate oxidative stress responses by inhibiting IGF-1 signaling
and increasing the SOD2 gene expression under stress in human
RPE. In addition to regulating the SOD2 expression, KL can reg-
ulate ROS production under oxidative stress by reducing ROS to
normal levels. Our findings could have important implications
for AMD pathology and may be used for the development of new
therapeutic strategies.

A model for KL function in RPE and retinal health

Consistent with previous studies on KL and premature aging
(Kuro-o et al., 1997; Kuro-o, 2009), we observed an accelerated
degenerative phenotype in the retina of KI ~/ ~ mice. Our studies
with primary human RPE cultures showed that KL increased
cAMP levels via a G,-coupled GPCR and induced CREB phos-
phorylation, resulting in the upregulation of pivotal genes for
pigmentation and phagocytosis. KL inhibited VEGF secretion by
downregulating IGF-1R and VEGFR2 phosphorylation in RPE.
KL also regulated stress response genes and reactive oxygen spe-
cies production in human RPE in vitro. Together, our in vivo and
in vitro studies suggest an important role for KL in RPE homeo-
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stasis and protection against oxidative stress. Additional studies
are needed to fully delineate the regulatory role of Klotho on
signaling pathways important for RPE function and retinal health
in vivo.
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