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Iron-induced oxidative stress causes hereditary mac-
ular degeneration in patients with aceruloplasmine-
mia. Similarly, retinal iron accumulation in age-re-
lated macular degeneration (AMD) may exacerbate
the disease. The cause of retinal iron accumulation in
AMD is poorly understood. Given that bone morpho-
genetic protein 6 (Bmp6) is a major regulator of sys-
temic iron, we examined the role of Bmp6 in retinal
iron regulation and in AMD pathogenesis. Bmp6 was
detected in the retinal pigment epithelium (RPE), a
major site of pathology in AMD. In cultured RPE cells,
Bmp6 was down-regulated by oxidative stress and up-
regulated by iron. Intraocular Bmp6 protein injection
in mice up-regulated retinal hepcidin, an iron regula-
tory hormone, and altered retinal labile iron levels.
Bmp6~"~ mice had age-dependent retinal iron accu-
mulation and degeneration. Postmortem RPE from
patients with early AMD exhibited decreased Bmp6
levels. Because oxidative stress is associated with
AMD pathogenesis and down-regulates Bmp6 in cul-
tured RPE cells, the diminished Bmp6 levels observed
in RPE cells in early AMD may contribute to iron
build-up in AMD. This may in turn propagate a vicious
cycle of oxidative stress and iron accumulation, exac-
erbating AMD and other diseases with hereditary or
acquired iron excess. (Am J Pathol 2011, 179:335-348;
DOI: 10.1016/j.ajpath.2011.03.033)

Tight iron regulation is crucial for health. Disorders of iron
metabolism are among the most common diseases, and
their clinical manifestations range from iron deficiency

anemia to iron overload toxicity in hereditary hemochro-
matosis. lron overload has been implicated in age-re-
lated neurodegenerative diseases, including Parkin-
son’s’? and Alzheimer’s diseases.® Iron accumulates in
many tissues with age,* potentially exacerbating age-
related diseases by inducing oxidative stress.®>™ As in
other organs, disturbed iron homeostasis in the eye leads
to severe damage and dysfunction. Patients lacking the
ferroxidase ceruloplasmin as a result of the autosomal
recessive disorder aceruloplasminemia have an early-
onset macular degeneration with elevated retinal iron lev-
els.®~° Age-related macular degeneration (AMD), a mul-
tifactorial disease,'' may also be exacerbated by iron
toxicity; there are higher iron levels in AMD retinas, com-
pared with age-matched controls.'® The reasons for iron
accumulation in AMD and mechanisms regulating retinal
iron levels are incompletely understood.

Many of the genes that regulate iron on the systemic
level have been identified over the past decade. Most of
these genes are expressed in the retina and play a role in
local iron regulation.™ To better understand iron homeo-
stasis in the retina, we have previously studied double-
knockout mice deficient in both ceruloplasmin and its
homolog hephaestin. These double-knockout mice have
an age-dependent retinal iron accumulation consistent
with a role for ceruloplasmin and hephaestin in retinal iron
export.’'® As a result of the iron accumulation, the mice
develop a retinal degeneration that shares some features
of AMD, including photoreceptor and retinal pigment ep-
ithelium (RPE) death, RPE hypertrophy, autofluores-
cence, and subretinal neovascularization. The degener-
ation can be prevented by administration of the oral iron
chelator deferiprone.®
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To further elucidate the mechanisms of retinal iron regu-
lation, we studied mice lacking hepcidin (Hepc?™~).7"
Hepcidin (Hepc) is a peptide hormone that regulates
systemic iron by preventing iron export from enterocytes
and macrophages by triggering degradation of the iron
exporter protein ferroportin (Fpn).'® Because Hepc and
Fpn are expressed within the retina,'®2° Hepc may be
used locally for regulation of retinal iron homeostasis.
Similar to the double-knockout mice, Hepc?™'~ mice
have an age-dependent iron accumulation followed by
retinal degeneration. The absence of Hepc likely permits
increased iron uptake into the neurosensory retina from
retinal vasculature through Fpn, which localizes to the
vascular endothelium and exports iron from the abluminal
side of these cells.’”

Recent studies show that Hepc expression is regu-
lated in part by the bone morphogenetic protein (Bmp)
signaling pathway.?'2® These proteins are members of
the tumor growth factor 8 (TGF-B) superfamily.®* Mouse
knockout experiments indicate that Bmpé6 is critical for
systemic iron homeostasis.?®> Bmp6~~ mice have de-
pressed hepatic Hepc expression and iron overload in
liver and other tissues. Like other members of this family,
Bmp6 activates a tetrameric receptor complex consisting
of two type | and two type Il serine-threonine kinase
receptors. Although there are three different proteins that
can serve as type | receptors and three that can serve as
type Il receptors, Bmp6 preferentially activates a com-
plex consisting of the type | receptor Acvr1A and the type
Il receptor BMPR2,%¢ and also the coreceptor hemojuve-
lin, which is expressed in the retina.'® Receptor activation
induces phosphorylation of Smad proteins (Smadi,
Smad5, and Smad8), which then form a complex with
Smad4 and translocate to the nucleus to regulate tran-
scription of target genes, including Hepc and Id7.2% In
addition to their role in iron homeostasis through regula-
tion of Hepc expression, bone morphogenetic proteins
have diverse roles in many other physiological and path-
ological processes, in part through Id1 regulation.?”=2°
The Id proteins (inhibitors of DNA binding) have been
implicated in regulating a variety of cellular processes,
including cellular growth, senescence, differentiation,
apoptosis, angiogenesis, and neoplastic transforma-
tion.3° The bone morphogenetic proteins are expressed
widely in the embryonic nervous system, in many regions
of the adult brain, and in mature human retinal neu-
rons.>"32 Bmp4 up-regulation has been implicated in
oxidative-stress-induced RPE cell senescence in AMD.33

Because Hepc plays an important role in retinal iron
homeostasis, and because Bmpé6 is crucial for regulation
of systemic iron homeostasis through Hepc, in the pres-
ent study we tested the role of Bmp6 within the retina. We
studied retinas from Bmp6-deficent mice (Bmp6~"),
tested the effect of intraocular Bmp6 injection on retinal
Hepc expression and retinal iron homeostasis, and as-
sessed the effects of iron and oxidative stress on Bmp6
production in cultured RPE cells. To determine whether
the oxidative stress that occurs in AMD®*~3¢ might cause
Bmp6 dysregulation, we tested Bmp6 levels in postmor-
tem AMD eyes.

Materials and Methods

Animals

Bmp6 knockout mice (Bmp6™'7°%) on a CD1 background
were generated as described previously.®” 67
(B6.129S2-/L6™ <! J) and BALB/cJ mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). Hepc1?
knockout mice (Hepc1 ") on a C57BL/6 background
were generated as described previously.®® All proce-
dures were in accordance with the European Convention
for the Protection of Vertebrate Animals Used for Exper-
imental and Other Scientific Purposes and were ap-
proved by the Institutional Animal Care and Use Commit-
tee of the University of Pennsylvania. The eyes were
enucleated immediately after death and were fixed over-
night in either 2% paraformaldehyde and 2% glutaralde-
hyde for histochemical iron detection and morphological
analysis or in 4% paraformaldehyde for immunofluores-
cence.

Cell Culture

The spontaneously immortalized human RPE cell line
ARPE-19 (ATCC, Manassas, VA) was cultured until con-
fluent in 12-well Falcon plates (BD Falcon, Franklin Lakes,
NJ) in 1:1 Dulbecco’s modified Eagle’s medium/F12, 20
pwmol/L L-glutamine (Invitrogen, Carlsbad, CA), supple-
mented with heat-inactivated 10% fetal bovine serum
(HyClone, Logan, UT) and 1% penicillin/streptomycin.
The cells were grown in 5% CO, at 37°C. To evaluate the
effect of exogenous iron on Bmp6 expression, confluent
cells were treated with 75 pmol/L H,O, for 16 hours, or
with 250 umol/L ferric ammonium citrate (FAC) for 16
hours or 4 days. Also, to evaluate the effect of Bmp6 on
hepcidin expression in ARPE-19, confluent cells were
treated with 3 nmol/L Bmp6 for 16 hours. RNA isolation
was performed using an RNeasy mini kit (Qiagen, Valen-
cia, CA) according to the manufacturer’s protocol. The
RNA was quantified with a spectrophotometer and stored
at —80°C. cDNA was synthesized using TagMan reverse
transcription reagents (Applied Biosystems, Carlsbad,
CA) according to the manufacturer’s protocol. TagMan
gene expression assays were obtained from Applied Bio-
systems and were used for PCR analysis, as described
below.

Histochemical Iron Detection by Perls’ Staining
and Morphological Analysis

After several days of fixation in 2% paraformaldehyde
and 2% glutaraldehyde, eyecups were made by remov-
ing the anterior segment. The tissues were then dehy-
drated in ethanol and infiltrated overnight in embedding
solution (JB4 Solution A; Polysciences, Warrington, PA).
The next day, the eyecups were embedded in plastic
(JB4; Polysciences). Sections were cut at 3-um thickness
and treated with either Perls’ stain for histochemical iron
detection, as described previously,'*'® or with Toluidine
Blue stain for standard histology. Stained sections were
photographed using a Nikon TE-300 microscope.



Spectral Analysis of Tissue Autofluorescence

Cryosections (10 um) were mounted with fluorescence
mounting medium (KPL, Gaithersburg, MD) and cov-
erslipped. Sample autofluorescence was excited with
the 488-nm argon laser of a Zeiss LSM-510 confocal
microscope running in lambda scan mode, and emis-
sion spectra were acquired from 500 to 714 nm. Data
analysis was performed using LSM image browser ver-
sion 4.0 software.

Quantitative Iron Detection

Eyes from Bmp6~~ and age-matched wild-type mice
were fixed in 4% paraformaldehyde. Eyecups were made
by removing the anterior segment. The ciliary body was
removed with a curved scalpel blade, and the neurosen-
sory retina was detached from the underlying RPE/cho-
roid tissue. Samples of the neurosensory retina and RPE/
choroid (with sclera) were placed in separate tubes and
allowed to dry at room temperature. Total nonheme iron
was quantified using the bathophenanthroline sulfate
(BPS) spectrophotometric protocol described by Tor-
rance and Bothwell.®® Because the small mass of tissue
(approximate weight of the mouse retina and RPE/cho-
roids is 5 mg each) led to reduced measurement accu-
racy, the tissue mass was not taken into consideration
when calculating total nonheme iron using the BPS spec-
trophotometric protocol. Instead, the total nonheme iron
is reported per retina or per RPE/choroid, as we have
done previously.'” Dried tissue was digested overnight at
65°C in acid digest solution (0.1% trichloroacetic acid
and 0.03 mol/L HCI). After digestion, samples were cen-
trifuged, and the supernatant (20 ul) was added to 1 mL
of chromogen reagent (2.25 mol/L sodium acetate pre-
treated with Chelex 100 (Bio-Rad, Hercules, CA), 0.01%
BPS, and 0.1% thioglycolic acid). The absorbances were
read at 535 nm. Iron levels were calculated by comparing
absorbances of tissue-chromogen samples to serial di-
lutions of iron standard (Sigma-Aldrich, St Louis, MO).

Immunolabeling

Mouse globes fixed in 4% paraformaldehyde were rinsed
in PBS and the eyecups were dissected. The eyecups
were cryoprotected in 30% sucrose overnight, then em-
bedded in optimal cutting temperature compound (Tis-
sue-Tek; Sakura Finetek, Torrance, CA). Immunofluores-
cence was performed on sections 10 um thick, as
described previously.”® Primary antibodies were rabbit
anti-light ferritin (F17) at 1:2500 dilution (the generous gift
of Paolo Santambrogio and Paolo Arosio, Istituto di Ri-
covero e Cura a Carattere Scientifico, Milan, and Univer-
sita degli Studi di Brescia, Brescia, ltaly respectively),
rabbit anti-TfR at 1:80 dilution (Santa Cruz Biotechnology,
Santa Cruz, CA), and mouse anti-Bmp6 at 1:100 dilution
(Abcam, Cambridge, MA). Primary antibody reactivity
was detected using Cy3 fluorophore conjugated second-
ary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA). Rabbit anti-Cralbp antibodies at 1: 250
dilution were used for primary Mduller cell culture (the
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generous gift of John Saari, University of Washington,
Seattle). Control sections were treated identically, except
that primary antibody was omitted. Sections were ana-
lyzed by fluorescence microscopy with identical expo-
sure parameters using a Nikon TE300 microscope with
ImagePro Plus version 6.1 (Media Cybernetics Inc., Be-
thesda, MD) software. Quantification of immunoreactivity
was performed by measuring the mean pixel intensity
within the RPE and neurosensory retina of each photomi-
crograph.

Cryosections from human AMD (n = 7) and age-
matched control (n = 5) were obtained and immunostained
as described previously.*® Sections were bleached to en-
able visualization of the immunostaining reaction product
within the RPE. Bleaching was performed using potassium
permanganate for 2 minutes and oxalic acid for 27 seconds
(Polysciences, Warrington, PA), followed by immunostain-
ing with mouse anti-Bmpé6 at 1:500 dilution (Alpha Diagnos-
tic International, San Antonio, TX), and by anti-mouse sec-
ondary antibody (Vectastain ABC-AP, followed by BCIP/
NBT alkaline phosphatase substrate; Vector Laboratories,
Burlingame, CA).

Intravitreal and Subretinal Injections

The intravitreal and subretinal injections were delivered
through 10-uL Hamilton microsyringes (Hamilton, Reno,
NV) with 32-gauge needles. Localization of subretinal
injections was confirmed by presence of the retinal de-
tachment by optical coherence tomography (Bioptigen,
Research Triangle Park, NC). The right eye of each ani-
mal was injected with 1 uL of PBS and served as a
control; the left eye was injected with 1 wL of 50 nmol/L
human Bmp6 (R&D Systems, Minneapolis, MN). Mice
were euthanized 6 and 12 hours after the injections, and
the neurosensory retinas, combined RPE/choroid or iso-
lated RPE (as indicated), were collected.

Light Damage Experiment

Male BALB/cd mice (n = 4), were exposed to 10,000 lux
cool white fluorescent light for 18 hours, as described pre-
viously,*" and the control group (n = 4) was kept on a
regular 12-hour light-dark cycle. Mice were sacrificed 4
hours after photic injury ended, and the neurosensory retina
and isolated RPE were collected for mRNA quantification.

RPE Isolation

Purified RPE cells were isolated by removing the anterior
segment (cornea, iris, and lens) from enucleated mouse
eyes after a two-step digestion. Briefly, the eyes were
incubated at 37°C for 40 minutes in 2% w/v dispase in 1X
Hanks’ balanced salt solution with Ca®* and Mg®*
(HBSS+) (Invitrogen). After digestion with dispase, slits
were made in the cornea with a scalpel blade and the
eyes were incubated for additional 10 minutes in 1
mg/mL hyaluronidase in Hanks’ balanced salt solution
without Ca®™ and Mg?* (HBSS—). After two washes in
HBSS+, the anterior segment was removed and the eye-
cup was placed in HBSS—, where the neurosensory ret-
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ina was removed. The RPE cells were gently brushed
from the eyecup in fresh HBSS—, collected, and pelleted
at 1200 X g for 15 minutes. The supernatant was re-
moved and the cells were stored at —80°C until the RNA
isolation was performed with an RNeasy micro kit (Qia-
gen) according to the manufacturer’s protocol.

Quantitative Real-Time PCR

Neurosensory retina and RPE/choroid samples obtained
from Bmp6~~, 1I6~7~, and wild-type mice were analyzed
using quantitative real-time PCR for gene expression.
RNA isolation was performed with an RNeasy mini kit
(Qiagen) according to the manufacturer’s protocol. The
RNA was quantified with a spectrophotometer and stored
at —80°C. cDNA was synthesized using TagMan reverse
transcription reagents (Applied Biosystems) according to
the manufacturer’s protocol. TagMan gene expression as-
says were obtained from Applied Biosystems and used for
PCR analysis. Probes used were hepcidin antimicrobial
peptide (Hepc1, MM00519025_m1 and Hs00221783_m1),
bone morphogenetic protein 6 (Bmp6, MM00432095_m1
and Hs01099594_m1), bone morphogenetic protein recep-
tor type Il (Bmpr2, Mm01254942_m1), Activin A receptor
type | (Acvri, Mm01331069_m1), transferrin receptor
(Tfr, MmO00441941_m1), inhibitor of DNA binding 1
(Id1, Mm00775963_g1), heme oxygenase (Hmox1,
Mm00516005_m1 and Hs01110250_m1), bone morphoge-
netic protein 2 (Bmp2, Mm01340178_m1), bone morpho-
genetic protein 4 (Bmp4, Mm0043208_m1), bone morpho-
genetic protein 7 (Bmp7, Mm00432102_m1), and bone
morphogenetic protein 9 (Bmp9, Mm00807340_m1). Eu-
karyotic 18S rRNA (Hs99999901_s1) served as an internal
control, because of its constant expression level across the
studied sample sets. Real-time TagMan RT-PCR (Applied
Biosystems) was performed on an ABI Prism 7500 se-
quence detection system using the AAC; method, which
provides normalized expression values. The amount of tar-
get mRNA was compared among the groups of interest. All
reactions were performed in biological (three mice) and
technical (three real-time PCR replicates per mouse) tripli-
cates.

ELISA

Enzyme-linked immunosorbent assay (ELISA) was per-
formed using a human Bmp6 DuoSet ELISA development
system (R&D Systems Minneapolis, MN) according to the
manufacturer’s protocol. Microtiter plates (Immuno 96-mi-
crowell solid plates, Maxisorp; Thermo Fisher Scientific,
Rochester, NY) were coated with 4 ug/mL of capture anti-
bodies (mouse anti-human Bmp6) in PBS overnight at room
temperature. After four washes with wash buffer (0.05%
Tween 20 in PBS), the plates were blocked by adding
reagent diluent (1% BSA in PBS) for 1 hour at room temper-
ature. After four washes with wash buffer, samples or stan-
dards (100 ulL) in reagent diluent were added, and the
plates were incubated for 2 hours at room temperature.
After an additional four washes, the plates were incubated
with 100 ulL of detection antibodies (biotinylated goat anti-
human Bmp6) for 2 hours at room temperature. After a

washing step, the plates were incubated for 20 minutes at
room temperature with 100 uL of streptavidin-horseradish
peroxidase (1:200 dilution). After a final wash, 100 uL of
substrate solution (1:1 mixture of H,O, and tetramethylben-
zidine) was added to each well and the plates were incu-
bated for 20 minutes at room temperature protected from
direct light. Colorimetric reaction was stopped by adding 50
wpL of 2 N H,SO,. The optical density of each well was
determined immediately, using a microplate reader set to
450 nm; the correction for optical imperfections in the plate
was done by subtracting wavelength readings at 570 nm
from those at 450 nm.

Primary Mdller Cell Culture

Primary cultures of retinal Mdller cells were established
from retinas of 9-day-old C57BL/6 mice by a method
based on that of Hicks and Courtois.*? Briefly, the globes
were removed immediately after the mice were sacrificed
and incubated in Dulbecco’s modified Eagle’s medium
and 1% w/v penicillin/streptomycin overnight at room
temperature in the dark. The next morning, after arinse in
70% ethanol and PBS, the globes were incubated in 2%
w/v dispase (Invitrogen) for 45 minutes at 37°C. After
three washes in D10 (Dulbecco’s modified Eagle’s me-
dium, 10% w/v fetal bovine serum, 1% w/v penicillin/
streptomycin), the eyecups were made by removing the
anterior segment of the eye and the neurosensory retina
was separated from underlying RPE/choroid and sclera.
The retinas were transferred to fresh D10 solution, cut into
1-mm? pieces using a curved scalpel, and transferred to
a T25 flask in 1 mL total volume. The next day, the old
medium was replaced with fresh D10 and loose retinas
were discarded. Isolated cells were detectable within 3
days. When substantial cell growth was observed, the
cultures were vigorously washed with medium until only
adherent cell population remained. When the cultures
were near confluent, the cells were seeded into 6-well
plates and the culture medium was changed every sec-
ond day. When confluent, the cells were treated in tripli-
cate with either 3 nmol/L Bmp6 in D10 or with D10 only
(controls) for 6 hours. After the treatment, the cells were
rinsed with PBS, and RNA isolation was performed with
an RNeasy mini kit (Qiagen) according to the manufac-
turer's protocol. The RNA was quantified and stored at
—80°C. cDNA was synthesized using TagMan reverse
transcription reagents (Applied Biosystems) according to
the manufacturer’s protocol.

Western Analysis

The eyes from healthy donors and AMD patients were
obtained post mortem through the Alabama Eye Bank in
accordance with the Declaration of Helsinki. Informed
consent for donation and access to ophthalmic histories
was obtained from the eye donor’s next of kin. The eyes
were dissected by separating neurosensory retina from
the underlying RPE/choroid and sclera. Dissected retinas
were frozen in liquid nitrogen and stored at —80°C. For
Western blot analysis after homogenization, the retinas
were lysed in radioimmunoprecipitation assay buffer and
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Figure 1. Bmp6 ’~ mice had retinal degenera-
tion and accumulation of lipofuscin-like material
in hypertrophic RPE cells. A-D: Bright-field pho-
tomicrographs of plastic sections show that, rel-
ative to 38-week-old wild-type mice (A), the age-
matched male BmpG’/’ mice (7 = 5; D) had
RPE hypertrophy (white arrow) with degener-
ation of overlying photoreceptor inner and outer
segments and thinning of the outer nuclear layer
(red arrow). The age-matched female Bmp6™ "~
mice (7 = 3) showed no retinal degeneration
(C), similar to younger (7 weeks old; n = 3) male
BmpG '~ mice (B). E and F: Fluorescence

photomicrographs show green autofluorescent
/ lipofuscin-like material in 10-month-old male
BmpG~’~ RPE (F), but minimal autofluorescence
in the RPE of the age-matched control (E). Nuclei
were stained with DAPI (blue). G: Spectral anal-
ysis of relative autofluorescence emission inten-
sities (with 488 nm excitation), revealed several
similar emission peaks (arrows) among hyper-
trophic RPE cells from Bmp6~"~ mice compared
with RPE from the postmortem retina of a patient
with AMD. H: Electron micrographs of 10-
month-old wild-type mice show normal-appear-
ing RPE cells, with healthy overlying photore-
ceptor inner and outer segments. I: Age-matched
male Bmp6~"~ contained rectangular RPE cells

Human AMD
Bmp6 /-

protein was quantified using a BCA protein assay kit
(Thermo Scientific, Rockford, IL). Twenty micrograms to-
tal protein was used per lane. Recombinant human Bmp6
protein (Alpha Diagnostic International) was used as a
positive control according to the manufacturer’s recom-
mendations. The samples were incubated in loading buf-
fer for 10 minutes at 70°C. Protein lysates were separated
on a 4% to 12% SDS-PAGE gel and transferred to nitro-
cellulose membrane. Blocking was achieved by incuba-
tion in Tris-buffered saline containing 5% milk and 0.1%
Tween 20. Membranes were incubated overnight at 4°C
with mouse monoclonal anti-human Bmp6 antibodies at
1:1000 dilution (Alpha Diagnostic International). After
washes, membranes were incubated with anti-mouse
IgG at 1:5000 dilution (GE Healthcare, Piscataway, NJ)
and developed using ECL Plus enhanced chemilumines-

—— T T T —F
520 540 560 580 600 620 640 660 680 700
Emission wavelength (nm)

that were almost 25 um tall (versus 5 um in
wild-type), severely hypertrophic, with apically
displaced nuclei, cytoplasm filled with vesicles
(arrows), and vacuolization (V). Overlying pho-
toreceptor outer segments were severely degen-
erated. Chr, choroid; GCL, ganglion cell layer;
INL, inner nuclear layer; IPL, inner plexiform
layer; 1S, photoreceptor inner segment; N, nu-
cleus; ONL, outer nuclear layer; OPL, outer plex-
iform layer; OS, photoreceptor outer segment;
RPE, retinal pigment epithelium; V, vacuole.
Scale bars: 50 wm (F); 5 uwm (I, lower right); 2
pm (H, upper right and lower left; I, upper
row and lower left); 500 nm (H, upper left and
lower right).

cence reagent (GE Healthcare, Chalfont St. Giles, UK).
Anti-a-tubulin antibody (Sigma-Aldrich) was used as
loading control. Images were acquired using a Typhoon
9400 variable mode imager (GE Healthcare, UK) and
densitometry analysis was performed using ImageQuant
TL software version 2005 (GE Healthcare).

Statistical Analysis

The mean and the standard error were calculated for
each comparison group. The means between the groups
were compared using the two-group t-test. A P value of
<0.05 was considered to be statistically significant. Data
are reported as means = SEM. All statistical analysis was
performed with GraphPad Prism version 5 (GraphPad
Software, San Diego, CA).
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noreactivity was quantified by measuring the
mean pixel intensity within the RPE and neuro-
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for each antibody and genotype). *P < 0.05.
Scale bars = 50 wm.
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Results

Retinal Degeneration in Adult Bmp6~/'~ Mice

Retinas from male Bmp6 "~ mice were morphologically
normal at 7 weeks (Figure 1B), but developed severe
pathology at 41 weeks. Approximately 50% of the retina
had massively hypertrophic and hyperplastic RPE cells,
accompanied by loss of overlying photoreceptor inner
and outer segments and thinning of the photoreceptor
outer nuclear layer (Figure 1D). Most of these hypertro-
phic cells immunolabeled with RPEG5, and none with
CD68 (data not shown), indicating that these were RPE
cells and not macrophages. Age-matched female
Bmp6~/~ mice (Figure 1C) had normal morphology.

Comparisons were made with age-, sex-, and strain-
matched wild-type retinas (Figure 1A).

Lipofuscin-Like Material in Hypertrophic RPE
Cells of Bmp6~/~ Mice

Lipofuscin accumulation has been described in aging tis-
sue, including the RPE.*® RPE cells that accumulate this
autofluorescent pigment have diminished phagocytosis of
rod outer segments and increased susceptibility to light
toxicity.** In contrast to healthy, 41-week-old wild-type ret-
inas (Figure 1E), bright autofluorescence was detected by
fluorescence microscopy in the hypertrophic RPE of age-
matched Bmp6~~ males (Figure 1F). Spectral analysis of



A w.t. B

5
2
o
a
c
[
]
(=]
2
3
]
c

no primary Bmp6

o
=

2

, I

Relative Bmp6 mRNA
Relative Acvrf mRNA

)

Bmp6 Regulates Retinal Iron 341
AJP July 2011, Vol. 179, No. 1

C D

normal human retina

RY ™ iF_ \-’ﬂ'\’",f.i'h -
3 .

ey
no primary ~ Anti Bmp6
. G .
12
g
=z
(4
EnF]
L& |
EUE I
L] i
Q04 H
2 i
2
%nz
&
1]

Figure 3. Localization and quantification of retinal Bmp6 and Bmp receptors. A-D: Fluorescence photomicrographs of mouse retinas with no primary antibody
(A) or anti-Bmp6 (B) showed strong Bmp6 immunofluorescence (red) within the RPE, photoreceptor inner segment, outer plexiform layer, inner plexiform layer,
and ganglion cell layer. The signal in the normal human retina was strongest (black immunostain) within the RPE (D) in comparison to only faint color in the RPE
resulting in completely bleached melanin when the primary antibody was omitted (C). E-G: Bmp6 mRNA levels measured by real-time PCR were significantly
higher (10-fold) in the isolated RPE (white bars) relative to the neurosensory retina (black bars) (72 = 3; E), whereas expression of Bmp receptors Acvrl (1 = 3;
F) and Bmpr2 (7 = 3; G) was significantly higher in the neurosensory retina (1.66- and 3.9-fold, respectively). *P < 0.05. Scale bars = 50 um.

autofluorescent RPE cells from the mutant mice revealed
several emission peaks similar to those of RPE cells from the
postmortem eye of a patient with AMD (Figure 1G). This
finding suggests that some of the lipofuscin components in
Bmp6~~ hypertrophic RPE cells might be similar to those
found in human RPE cells with AMD. Electron microscopy
was used to analyze morphological changes in the mutant
mice on the ultrastructural level. Relative to wild-type RPE
cells (Figure 1H), Bmp6 "~ mice had many enlarged, rect-
angular RPE cells, aimost five times taller then normal (Fig-
ure 11), with apically displaced nuclei. The cytoplasm was
filled with numerous single-membrane bound vesicles,
which were most likely lysosomes or endosomes, and the
overlying photoreceptor outer segments were degenerated
(Figure 11).

Localization and Quantification of Iron in the
Bmp6~/~ Retinas

Quantification of total nonheme iron by BPS spectrophotom-
etry revealed fourfold higher total iron concentration in the
neurosensory retinas of 41-week-old male Bmp6™~~ mice
(Figure 2A), relative to age-matched male controls. There
was no difference in iron levels in the neurosensory retinas
of female Bmp6~"~ mice (Figure 2A) compared with age-
and sex-matched controls. The RPE/choroid of male mice
also had significantly higher (almost 20-fold) iron levels rel-
ative to the age- and sex-matched control group (Figure
2B). RPE/choroid results in female mice were consistent
with neurosensory retina findings and showed no difference
relative to wild-type controls (Figure 2B). Iron quantification
results were consistent with histochemical iron detection;
strong granular Perls’ stain was present in the RPE of 38-

week-old male Bmp6~/~ mice (Figure 2E), but iron was not
detected in either 7-week-old male Bmp6~~ mice (Figure
2D) or 38-week-old female Bmp6~'~ mice. All comparisons
were made relative to 38-week-old strain-matched wild-type
mice of both sexes that showed no visible Perls’ stain within
the neurosensory retina or RPE (Figure 2C).

Bmp6~/~ Eyes Have Decreased Transferrin
Receptor and Increased L-Ferritin

Transferrin receptor protein (TfR) mediates cellular iron
uptake. Levels of the transferrin receptor (Tfrc) mMRNA
that encodes TfR are regulated by cytosolic labile iron
levels, through the iron regulatory proteins IRP1 and
IRP2, so that when labile iron levels are high, Tfrc
mRNA stability decreases, leading to decreased Tfrc
mRNA levels. The levels of the cytosolic iron storage
protein ferritin are also regulated by labile iron levels
through iron regulatory proteins, but in the opposite
direction: when labile iron levels are high, ferritin trans-
lation increases. 47

Consistent with the elevated iron levels detected in
Bmp6~/~ male mice by BPS and Perls’ staining, TfR
immunoreactivity was decreased (Figure 2, G and H).
To determine whether increased iron in the mutant
mouse retinas is accompanied by increased ferritin,
retinas were immunolabeled with anti-L-ferritin. Immu-
noreactivity of L-ferritin (light ferritin) was much stron-
ger throughout the Bmp6~/~ retinas than in age-
matched controls, even in areas without RPE
hypertrophy (Figure 2, J and K).
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Figure 4. Effect of intraocular Bmp6 injection on retinal Hepc mRNA assessed by real-time PCR. A=H: At 6 hours after intravitreal (A) and subretinal (E) injections
of Bmp6 in 7[6”"~ mice, neurosensory retina showed significantly higher (10- and 6-fold, respectively) levels of Hepcl mRNA, relative to PBS-injected control eyes
(n = 4 each). B: RPE/choroid showed no difference in Hepcl mRNA between Bmp6 injected and control eyes after intravitreal injection. F: After subretinal
injection, RPE showed no difference in Hepcl expression between Bmp6 and PBS injected eyes (17 = 4 each). At 6 hours after intravitreal injection of Bmp6,
neurosensory retina showed significant increase in Id1 mRNA (2.5-fold) (C), relative to PBS-injected eye, whereas RPE/choroid showed no difference (D). No
significant difference in Id1 mRNA was observed in either neurosensory retina (G) or RPE (H) after subretinal injections of Bmp0. I and J: Photomicrograph and
fluorescence photomicrograph show two different wells of primary Miller cells imaged with phase contrast (I) and immunofluorescence with anti-Cralbp (J).
Original magnification, X400. K: Rpe65 mRNA levels are nearly 20-fold greater in primary mouse RPE versus primary mouse Miiller cells. L and M: At 6 hours
after the treatment with 3 nmol/L Bmp6, treated cells had significantly higher levels of Hepcl (L) and Id1 (M) mRNA, relative to untreated controls. *P < 0.05.

Retinal Localization of Bmp6 and Bmp
Receptors

To better understand the role of the Bmp pathway in retinal
iron homeostasis, we localized Bmp6 and its type | and type
[l receptors in the retina. Strong Bmp6 immunoreactivity
was found on the apical side of the RPE in both mouse
(Figure 3B, red immunofluorescence) and human retinas
(Figure 3D, black immunostain). The inner segments of the

photoreceptors, outer and inner plexiform, and ganglion cell
layers were also immunoreactive in the mouse, but not
normal human retina. Because Bmp6 is a secreted signal-
ing molecule, we used real-time PCR to find where in the
retina Bmp6 mRNA is produced. Isolated RPE cells exhib-
ited almost 10-fold higher Bmp6 mRNA levels relative to the
neurosensory retina (Figure 3E). In contrast, the mRNA of
the Bmp receptors Acvr1 and Bmpr2 was found at signifi-
cantly higher levels in the neurosensory retina. The neuro-
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sensory retina may therefore be the target tissue for RPE-
produced Bmp6 (Figure 3, F and G).

Up-Regulation of Hepcidin in Neurosensory
Retina in Response to Bmp6

Previous research on the liver?'?24® has shown that
Hepc can be up-regulated by Bmp6. Because the neu-
rosensory retina expresses both Hepc and the Bmp6
receptors, we next tested whether Bmp6 can up-regulate
Hepc in the neurosensory retina. To accomplish this,
Hepc mRNA levels were measured in the neurosensory
retinas from /I6~/~ mice after intravitreal and subretinal
injections of Bmp6 protein. /I6™'~ mice were chosen to
remove the confounding influence of needle-injury-in-
duced ll6-mediated Hepc up-regulation.™” After both in-
travitreal and subretinal injection, Hepc was significantly
up-regulated in the neurosensory retinas of Bmp6-in-
jected eyes, relative to PBS injected controls (Figure 4, A
and E). In contrast, RPE/choroid (Figure 4, B and F) did
not up-regulate Hepc expression. As further confirmation
that the Bmp6 signaling pathway was activated, we
tested whether Id7, another Bmp6-responsive gene,*®
would also be up-regulated by Bmp6 in retina. There was
a significant increase in 1d1 mRNA levels (Figure 4C)
after intravitreal injection of Bmp®6, whereas no difference
was observed within RPE/choroid. No significant differ-
ence was observed in |[d1 message in either the neuro-
sensory retina or the RPE subsequent to subretinal injec-
tion of Bmp6 (Figure 4, G and H).

Because Muller glial cells express Hepc both in vivo
and in culture,’® we tested whether Miller cells up-reg-
ulate Hepc in response to Bmp6 protein. To accomplish
this, we established primary Mdller cell culture as de-
scribed previously.*? The purity of the culture was veri-
fied by anti-Cralbp immunolabeling and relative quantifi-
cation of RPE-specific 65 kDa protein (RPE65) mRNA. All
of the cultured cells were Cralbp-positive (Figure 4J),
narrowing their possible identity to Mdller or RPE. The
RPEBS5 levels were then compared by gPCR to a primary
RPE culture, and found to be 20-fold higher in the RPE
culture (Figure 4K), indicating only slight contamination of
the culture with RPE cells. After treatment with Bmp6, the

Relative idf mRNA

significant difference in RPE (D). In contrast, in-
travitreal injection of Bmp6 in Hepcl™/~ mice
had no significant change in Tfrc mRNA in either

most threefold) in neurosensory retina (G), but
not in RPE (H). *P < 0.05.

. I . neurosensory retina (1 = 3; E) or RPE (1 = 3; F),
- whereas Id1 was significantly up-regulated (al-

expression of both Hepc and Id1 were significantly in-
creased in primary Mdller cells (Figure 4, L and M), sug-
gesting that Muller cells are a neurosensory retina cell
type that is responsive to secreted Bmp6.

Bmp6 Regulates Retinal Labile Iron

To determine whether exogenous Bmp6 alters labile iron
pools within the retina, Tfrc mMRNA, the levels of which are
regulated by labile iron, was quantified after intravitreal
Bmp6 injections in /I6~'~ mice. Significantly decreased
Tfrc mRNA levels were observed within the neurosensory
retinas after intravitreal Bmp6 injection (Figure 5A). This
suggests an increase of labile iron pools relative to the
control. In contrast to neurosensory retina, the same
treatment significantly up-regulated Tfrc mRNA levels in
RPE cells, suggesting a decrease in labile iron levels in
the RPE cells (Figure 5B).

To determine whether Bmp6-induced alteration of la-
bile iron pools within the retina results from Hepc up-
regulation, Tfrc mRNA was quantified after intravitreal
injections of Bmp6 into Hepc? ™~ mice. After the injec-
tions, no difference in Tfrc expression was observed be-
tween Bmp6-treated and control eyes in either neurosen-
sory retina or RPE (Figure 5, E and F). To ensure that
Bmp6 signaling occurred in Hepc?™'~ mice, we quanti-
fied Id1 mRNA. Significant up-regulation of I[d1 was found
in the neurosensory retinas (Figure 5G) after Bmp6 injec-
tion, as had been seen in the lI6™~ mice.

Bmpé6 Is Up-Regulated by Iron in Cultured RPE
Cells

To determine whether exogenous iron can affect Bmp6
production by RPE cells, the RPE cell line ARPE-19 was
treated with FAC for 16 hours or 4 days. Treatment for 16
hours significantly up-regulated Bmp6 mRNA (Figure 6A)
relative to untreated control cells, suggesting that iron
load up-regulates Bmp6 in the RPE. Treatment with the
same FAC concentration for 4 days did not up-regulate
Bmp6. Because Bmp6 is a secreted protein, we tested its
concentration in the cell medium after a 16-hour treat-
ment with FAC. Untreated cells produced almost unde-
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Figure 6. Effect of iron-loading on Bmp6 and Hepcl mRNA in ARPE-19 cells
assessed by real-time PCR. A: Treatment of ARPE-19 cells with 250 umol/L
FAC for 16 hours significantly up-regulated (1.7-fold, Bmp6 mRNA (7 = 3)
relative to untreated control (medium only), whereas 4 days of FAC exposure
caused no significant changes. B: After treatment for 16 hours with 3 nmol/L
Bmp6, no change in Hepcl mRNA was observed (72 = 3). C: Treated cells had
significantly higher levels of Id1. *P < 0.05.

tectable protein levels, whereas medium from treated
cells had increased Bmp6 levels (data not shown). Con-
sistent with in vivo experiments, in which neither intravit-
real nor subretinal injection of Bmp6 up-regulated Hepc
mRNA in the RPE, ARPE-19 cells showed no Hepc mRNA
up-regulation after treatment with exogenous Bmp6 (Figure
6B). However, this treatment did activate Bmp6 signaling,
as demonstrated by Id1 up-regulation (Figure 6C).

Bmp6 Is Down-Regulated by Oxidative Stress

Because oxidative stress plays a role in the pathogenesis
of AMD, we tested whether oxidative stress can affect
Bmp6 mRNA levels both in vitro and in vivo. First, conflu-

ent ARPE-19 cells were exposed to a sublethal dose of
H,O,. To verify that oxidative stress occurred, we tested
mRNA levels of heme oxygenase 1 (Hmox1), an antioxi-
dant enzyme whose promoter contains an antioxidant
response element.®© After the treatment, Hmox1 mRNA
levels significantly increased (Figure 7A), whereas Bmp6
mRNA was significantly reduced, relative to untreated
controls (Figure 7B).

Light is a major source of oxidative stress in the retina.
To assess the affect of oxidative stress on Bmp6 expres-
sion in vivo, we exposed albino BALB/c mice to bright,
cool white fluorescent light for 18 hours, using a protocol
we had previously found to induce photo-oxidative
stress®' and cause the death of photoreceptors but not
RPE within a week after the light exposure.*' Consistent
with their exposure to oxidative stress, RPE cells isolated
from these mice a few hours after light exposure signifi-
cantly up-regulated Hmox1 mRNA levels relative to the
control group (Figure 7C), whereas, consistent with the in
vitro experiment, Bmp6 mRNA was significantly down-
regulated (Figure 7D).

Bmp6 Levels Are Altered in Age-Related
Macular Degeneration

To determine whether Bmp6 may play a role in the iron
accumulation previously observed within the RPE and
photoreceptors in AMD retinas, Bmp6 protein levels were
compared in postmortem AMD eyes with eyes from age-
matched controls. In early AMD retina sections, some
RPE cells had decreased Bmp6 immunolabel, compared
with neighboring RPE cells and age-matched normal
cells (Figure 8A, upper right). In contrast, advanced AMD
eyes with either geographic atrophy or neovasculariza-
tion had increased Bmp6 immunolabel within the neuro-
sensory retina (Figure 8A, lower right panel), but the RPE
had degenerated. This is consistent with increased Bmp6

In vitro ARPE19 cell culture

o

*

Relative Hmox? mRNA

Relative Bmp6 mRANA

Control Hz02 J Controt H202

In vivo light damage (isolated RPE)

c . D .

0 TEE 12
0g

s

0

Relative Hmox1 mRNA
Relative Bmps mANA

02

o L - - o
Control Light Control Light

Figure 7. Effect of oxidative stress in cultured cells and in mice on Bmp6 and
Hmox1 mRNAs assessed by real-time PCR. At 16 hours of treatment of ARPE-19
cells with 75 pmol/L H,O,, Hmox1 was significantly up-regulated (A), but Bmp6
mRNA was significantly down-regulated (B), relative to untreated controls (with
MEM only; 7 = 6). After photic injury, Hmox1 mRNA levels were significantly
increased within isolated RPE (C), whereas Bmp6 mRNA levels were signifi-
cantly decreased (D) compared with control. *P < 0.05.
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Figure 8. Bmp6 protein levels in age-related macular degeneration. A:
Bright-field photomicrographs of postmortem human retinas showed weaker
Bmp6 immunoreactivity (black labeling) within RPE in early AMD (upper
right, arrows), relative to normal human RPE (upper left). In advanced
AMD, relative to normal, the signal was stronger throughout the neurosen-
sory retina (lower right); the asterisk indicates subretinal fibrous scar. The
RPE is absent, as it had degenerated. Nuclei, visualized with DAPI stain and
simultaneous fluorescence imaging, appear white. B: Western analysis from
four normal and four AMD neurosensory retinas showed significantly higher
Bmp6 precursor protein levels (57 kDa) in AMD eyes relative to normal
controls. C: Densitometry confirmed the Western blot analysis. D: A model
for the relationships among iron, oxidative stress, and Bmp6. F, female; M,
male; MW, molecular weight ladder. *P < 0.05. Scale bars: 50 um (A, upper
row); 100 um (A, lower row).

protein levels detected by Western blot analysis in ad-
vanced AMD neurosensory retina extracts, relative to
age-matched controls (Figure 8, B and C).

Discussion

The peptide hormone hepcidin is a central regulator of
systemic iron homeostasis®® and plays an important local
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role in retinal iron regulation.’” Recent reports suggest
that normal Hepc expression requires Bmp6 signal-
ing.2'"22 Our results indicate that Bmp6 regulates retinal
iron. We demonstrate that Bmp6 is expressed in the RPE
and its receptors are expressed in the neurosensory ret-
ina. Bmp6 levels can be regulated by iron, because ex-
ogenous iron administration up-regulated Bmp6 mRNA
and induced Bmp6 secretion in cultured RPE cells (Fig-
ure 6). Bmp6 secreted from the RPE cells likely binds
Bmp6 receptors in the neurosensory retina up-regulating
Hepc, because both intravitreal and subretinal injection
of Bmp6 up-regulated Hepc within the neurosensory ret-
ina but not within the RPE. Within the neurosensory
retina, Muller glia are likely the cells that respond to the
Bmp6 secreted by the RPE. Cultured Muller glia up-
regulated Hepc after addition of Bmp6 protein. Bmp6-
mediated Hepc up-regulation in the neurosensory ret-
ina changed labile iron levels in both the neurosensory
retina and the RPE. Bmp6 is important for retinal health.
The Bmp6~/~ mice had age-dependent iron accumu-
lation followed by severe retinal degeneration, and
postmortem AMD retinas had altered Bmp6 levels. Ox-
idative stress down-regulated Bmp6 in RPE cells in
culture and in mice, suggesting a mechanism for Bmp6
dysregulation in AMD.

Male Bmp6~~ mice exhibited retinal iron accumula-
tion and severe retinal degeneration. The degeneration
was not present at 7 weeks, but was extensive at 41
weeks, indicating that this is an age-related and not a
developmental phenotype. The degeneration consisted
of photoreceptor death and RPE hypertrophy with RPE
autofluorescence (Figure 1). The RPE autofluorescence
spectral analysis suggests that iron-induced oxidative
damage in the male Bmp6~~ mice results in accumula-
tion of molecules that are likely present in the RPE in AMD
(Figure 1), given that hypertrophic RPE cells from
Bmp6~~ mice and RPE cells in the postmortem eye of a
patient with AMD had several similar emission peaks
(Figure 1).

Male Bmp6 mice had elevated iron levels in the
retinal neurons and in the RPE. Although the amount of
iron in the neurosensory retina was below the sensitivity
for Perls’ staining, an increase in neurosensory retinal iron
was detectable by BPS (Figure 2) and indirectly by ele-
vated ferritin and decreased TfR protein levels (Figure 2).
High iron levels within RPE were detectable by both Perls’
stain and BPS (Figure 2). Female mutant mice accumu-
lated iron in neither the retina nor RPE/choroid and had
morphologically normal retinas. Further studies in female
wild-type and Bmp6~~ mice are required to elucidate
reasons for this difference, which might be due to hor-
monal influences on iron regulation or to compensatory
iron regulatory pathways present only in females. There
was no difference in Bmp6 expression within the RPE of
male versus female wild-type mice (data not shown).
There was also no sex-related difference in the mRNA
levels of bone morphogenetic proteins 2, 4, 7, and 9 in
the RPE (data not shown). Also, because bone morpho-
genetic proteins are members of the tumor growth factor
B superfamily, sex-related differences in the function of

—/—
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any of these family members might account for our ob-
servations.

To explore potential Bmp6 signaling pathways within
the retina, we localized retinal Bmp6 and Bmp receptors.
Bmp6 localized to the apical side of the RPE in both
mouse and human retinas (Figure 3). Isolated mouse RPE
cells exhibited significantly higher Bmp6 message levels
relative to neurosensory retina. In contrast, the mRNA
levels of the Bmp receptors Acvr1 and Bmpr2 were sig-
nificantly higher in the neurosensory retina relative to the
RPE. These results suggest that the RPE is the primary
site of Bmp6 production and that the neurosensory retina
is the target tissue for RPE-produced Bmp6. This is con-
sistent with expression by the neurosensory retina of
Hepc, the downstream effector of Bmp6 signaling. Intra-
vitreal and subretinal Bmp6 injections significantly up-
regulated Hepc mRNA levels in neurosensory retina (Fig-
ure 4), but not RPE/choroid, suggesting that the
neurosensory retina is the primary site of Bmp6-induced
Hepc production. Intraocular Bmp6 injection also caused
Hepc-dependent changes in labile iron, as indicated by
down-regulation of Tfrc in the neurosensory retina and
up-regulation of Tfrc in the RPE. This finding suggests
that acute Hepc production by the neurosensory retina
may trap iron in the neurosensory retina while diminishing
iron transfer from neurosensory retina to RPE. To identify
cells within the neurosensory retina that up-regulate
Hepc in response to Bmp6, we cultured primary mouse
Mduller cells and found that Bmp6 increased the mRNAs
of both Hepc and Id1 (Figure 4).

To test environmental regulators of Bmp6 expression,
we treated cultured, immortal human RPE cells (ARPE-
19) with iron and found significant Bmp6 mRNA up-reg-
ulation (Figure 6), suggesting that Bmp6 may be pro-
duced to limit further iron export from neighboring cells in
the neurosensory retina. Longer iron exposure did not
up-regulate Bmp6, suggesting that primarily acute in-
creases in iron levels up-regulate Bmp6 in these cells.
Consistent with the intraocular Bmp6 injections in mice,
treatment of ARPE-19 cells with exogenous Bmp6 failed
to up-regulate Hepc mRNA (Figure 6), although Bmp6
signaling pathways were activated, as indicated by al-
most fivefold up-regulation of Id1 mRNA.

Because in AMD the eyes accumulate iron in the RPE
and photoreceptors,®® and because the above data sug-
gest that Bmp6 is an important regulator of retinal iron
homeostasis, we assessed Bmp6 levels in postmortem
AMD retinas, compared with age-matched controls. In
early AMD, diminished Bmp6 levels were found in RPE
cells overlying drusen, the sub-RPE deposits character-
istic of AMD (Figure 8). Diminished Bmp6 expression
might be caused by the oxidative stress that has been
associated with AMD,3436:54 given that oxidative stress
diminishes Bmp6 mRNA levels in cultured RPE cells (Fig-
ure 7). Lower Bmp6 levels could permit increased iron
uptake into the neurosensory retina from retinal vascula-
ture through Fpn, which localizes to the vascular endo-
thelium and exports iron from the abluminal side of these
cells.’ This could lead to retinal iron accumulation, as
occurs in Bmp6~/~ mice. In advanced AMD, Bmp6 levels
increase in the neurosensory retina, potentially induced

by elevated iron levels (Figure 8). A model (Figure 8D)
indicates that Bmp6 is down-regulated by oxidative
stress, as shown in our light damage and ARPE-19 H,O,
experiments. On the other hand, BMP6 is up-regulated
by iron, as indicated by FAC exposure of ARPE-19 cells.
Our observation of decreased Bmp6 in early AMD and
increased Bmp6 in late AMD suggests that oxidative
stress may down-regulate Bmp6 in early AMD, contribut-
ing to retinal iron accumulation (similar to Bmp6~"
mice), followed by Bmp6 up-regulation by iron in the
neurosensory retina in advanced AMD. The mechanism
of Bmp6 up-regulation by iron is a topic for future inves-
tigation; our data suggest that it does not involve iron-
induced oxidative stress.

Our results suggest that Bmp6 is important for retinal
iron regulation and retinal health. Acute increases in RPE
iron caused increased Bmp6 production. Once secreted
from the RPE cells, Bmpé is likely to bind its receptors,
which we show are present in the neurosensory retina,
up-regulating Hepc (as occurred with intravitreal or sub-
retinal injection of exogenous Bmp6). The increase in
Hepc would trigger Fpn degradation, limiting both retinal
iron import through vascular endothelial cells'” and iron
export from Fpn-expressing cells in the neurosensory
retina, including the Muller glia. Decreased Tfrc mMRNA in
the neurosensory retina after Bmp6 injection into retinas
of lI6™~ but not Hepc?~”~ mice suggests that an acute
increase in Bmp6 in the neurosensory retina can cause a
Hepc-mediated increase in intracellular labile iron in the
neurosensory retina. Thus, the iron-loaded RPE may
communicate its iron supply to the neurosensory retina
through Bmp6, limiting retinal iron uptake through vascu-
lar endothelial cells and promoting iron storage within
Mdller cells and vascular endothelial cells, as opposed to
transfer to retinal neurons. Oxidative stress-induced
Bmp6 down-regulation in cultured RPE cells and in some
RPE cells overlying drusen suggests that Bmp6 dysregu-
lation, caused by oxidative stress, could contribute to
inappropriate iron transport and retinal iron accumula-
tion. In the RPE (as well as in other Bmp6-expressing
organs, including liver and brain), this might lead to a
vicious cycle of iron-induced oxidative stress followed by
more iron accumulation, with eventual activation of se-
nescence, apoptosis, or angiogenesis pathways.
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