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Iron-induced Local Complement Component 3 (C3)
Up-regulation via Non-canonical Transforming Growth
Factor (TGF)-f Signaling in the Retinal Pigment Epithelium™
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in the retinal pigment epithelium (RPE).

canonical TGF-f signaling pathway.

\_

(Bacl(ground: Human age-related macular degeneration (AMD) retinas exhibit iron overload and localized C3 accumulation
Results: Iron induces C3 expression via ERK1/2, SMAD3, and CCAAT/enhancer-binding protein-8 (C/EBP-8) in a non-

Conclusion: An iron-mediated pathway leads to complement dysregulation, an etiologic feature of AMD.
Significance: Regulating iron-induced C3 expression suggests a novel therapeutic approach for AMD.

J

Dysregulation of iron homeostasis may be a pathogenic factor
in age-related macular degeneration (AMD). Meanwhile, the
formation of complement-containing deposits under the retinal
pigment epithelial (RPE) cell layer is a pathognomonic feature of
AMD. In this study, we investigated the molecular mechanisms
by which complement component 3 (C3), a central protein in the
complement cascade, is up-regulated by iron in RPE cells. Mod-
ulation of TGF-f signaling, involving ERK1/2, SMAD3, and
CCAAT/enhancer-binding protein-8, is responsible for iron-in-
duced C3 expression. The differential effects of spatially distinct
SMAD3 phosphorylation sites at the linker region and at the C
terminus determined the up-regulation of C3. Pharmacologic
inhibition of either ERK1/2 or SMAD3 phosphorylation
decreased iron-induced C3 expression levels. Knockdown of
SMAD3 blocked the iron-induced up-regulation and nuclear
accumulation of CCAAT/enhancer-binding protein-o, a tran-
scription factor that has been shown previously to bind the basic
leucine zipper 1 domain in the C3 promoter. We show herein
that mutation of this domain reduced iron-induced C3 pro-
moter activity. In vivo studies support our in vitro finding of
iron-induced C3 up-regulation. Mice with a mosaic pattern
of RPE-specific iron overload demonstrated co-localization of
iron-induced ferritin and C3d deposits. Humans with acerulo-
plasminemia causing RPE iron overload had increased RPE C3d
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deposition. The molecular events in the iron-C3 pathway repre-
sent therapeutic targets for AMD or other diseases exacerbated
by iron-induced local complement dysregulation.

Dysregulation of iron homeostasis may be an etiologic factor
in several neurodegenerative disorders such as age-related
macular degeneration (AMD)* (1), although the detailed mech-
anisms by which iron acts as a driver of AMD-like pathology
have not been reported. AMD is considered a chronic, localized
inflammatory disease (2, 3) with a genetic component (4). Sev-
eral genetic factors that confer major risk for AMD are poly-
morphisms within complement component genes (5-10).
Since complement dysregulation can lead to inflammatory
reactions (11, 12), both genetic and environmental factors may
work concurrently to determine the activity of the complement
cascade in the outer retinal milieu. AMD is characterized by
primary pathology in the retinal pigment epithelium (RPE)
monolayer and the formation of sub-RPE deposits called
drusen. In human drusen samples, both C3 and C3 activation
fragments have been identified (13). C3, the central molecule of
the complement cascade that includes the classical, alternative,
and lectin pathways, is activated by numerous inciting factors
that require a rapid inflammatory reaction (12, 14). In AMD,
the aberrant activation of the alternative pathway and the
resultant release of inflammatory mediators are involved in
drusen formation (13). In the alternative pathway, C3 activation
is under the control of Factor B, a key pathway component, and
Factor H, a potent negative regulator, among others (15, 16).
Both Factor B and Factor H are expressed by the RPE cell (15,
17, 18). Increased Factor B levels are accompanied by increased

“The abbreviations used are: AMD, age-related macular degeneration; C3,
complement component 3; RPE, retinal pigment epithelial/epithelium;
C/EBP-5, CCAAT/enhancer-binding protein-§; bZIP, basic leucine zipper;
SIS3, specific inhibitor of SMAD3; FAC, ferric ammonium citrate; qRT-PCR,
quantitative RT-PCR; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxy-
methyl)propane-1,3-diol; p-, phospho-; TFRC, transferrin receptor; PAI-1,
plasminogen activator inhibitor type 1.
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C3 expression and activation in aged mouse RPE (15). The
interaction between C3 and Factor H is supported by the find-
ing that C3b is a major physiological ligand of Factor H (19).
Furthermore, both C3 and Factor H are genetically implicated
as contributory factors to AMD etiology (7, 9).

Previous studies have shown elevated total iron levels in the
RPE-Bruch’s membrane complex as well as photoreceptors in
the human macula of post-mortem dry and wet AMD eyes
compared with those of healthy controls (20). The iron-con-
taining species in these samples identified by histochemical and
chelation tests comprise both loosely bound, chelatable iron
and non-chelatable iron components. The non-chelatable iron
components may be iron derivatives that are incorporated into
and are essential for the function of reactive oxygen species-
producing enzymes (21). The chelatable iron is capable of
directly generating reactive oxygen species via Fenton chemis-
try. Evidence exists that reactive oxygen species can in turn
damage iron-containing proteins to produce more labile iron
(21, 22), suggesting the interchangeability of non-chelatable
and chelatable iron. Thus, itis reasonable to study the biological
impact of an increased intracellular labile iron pool on comple-
ment regulation in the RPE.

Our group has previously demonstrated increased RPE iron
levels in mice with knock-out of the Cp gene (Cp /") and a
naturally occurring Sla mutation in the Heph gene (Heph>'*5'
or Heph®“'Y), referred to as the double knock-out mouse model
(23, 24). When compared with the wild-type mice, these double
knock-out mice exhibited some pathological features of AMD,
and the generalized high iron level in retina and RPE/choroid
was associated with an accumulation of sub-RPE activated C3
fragments (24). Our group has also shown that systemic admin-
istration of the iron chelator deferiprone decreased murine ret-
inal C3 mRNA levels in a light-induced degeneration model
(25) and RPE C3 mRNA levels in a sodium iodate-induced
degeneration model (26). These findings suggest that diminish-
ing iron levels may reduce retinal complement expression.
However, whether and how an increase in the labile iron pool
within RPE cells is capable of triggering endogenous C3 activa-
tion are as yet unknown.

In cultured RPE cells, we found that iron exposure increases
both C3 mRNA and protein levels. To understand the underly-
ing molecular events, we first pursued a bioinformatics ap-
proach using a gene expression microarray, which identified
the TGF-B signaling superfamily as the pathway(s) most
strongly affected by iron. Interestingly, the TGF-f receptor
type I gene, TGFBRI, is genetically associated with advanced
AMD (27), and elevated urinary TGF-B1 protein levels are asso-
ciated with early AMD (28). In canonical TGEF-f signaling,
TGE-p ligands bind to receptor serine/threonine kinases that
phosphorylate transcription factors SMAD2 and SMAD3 at the
C-terminal SSXS motif (29). Although non-phosphorylated
SMAD proteins shuttle in and out of the nucleus dynamically,
upon phosphorylation, SMAD2/3 docks with SMAD4 and
undergoes nuclear translocation. Once in the nucleus, this
complex recruits cofactors to form a larger complex and differ-
entially regulates target gene expression. In this study, we iden-
tified in cultured human RPE cells an iron-induced, non-
canonical TGF-B pathway leading to C3 up-regulation.
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TABLE 1
TaqMan qRT-PCR primers
Catalog
Gene name Symbol number
Complement component 3 (human) C3 Hs01100879_m1
Transferrin receptor (human) TFRC Hs00174609_m1
PAI-1 (human) SERPINE1 Hs01126607_gl
(PAI-1)
Transforming growth factor, B1 (human) TGFB1 Hs00998133_m1
C/EBP-8 (human) CEBPD Hs00270931_s1

Corresponding in vivo studies showed that deposition of the C3
activation product C3d is spatially associated with iron-over-
loaded RPE cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Cell Treatment Reagents—ARPE-19 cells
from the American Type Culture Collection (ATCC, Manassas,
VA) were cultured in 1:1 DMEM/F-12 (Invitrogen) supple-
mented with 10% FBS (HyClone, Logan, UT). Once confluent,
cells were maintained in medium with 1% FBS for 4 weeks prior
to experiments to obtain mature monolayers (30). One day
prior to experiments, cells were placed in serum-free medium
to deplete residual serum complement components. Iron in the
form of ferric ammonium citrate (FAC; MP Biomedicals, Santa
Ana, CA) dissolved in serum-free medium was used to treat
cells for the indicated times. Alamar Blue reagent for cell via-
bility was from Invitrogen. Transition metals suitable for cell
culture were from Sigma. Purified apo- and holo-transferrin
were from Millipore (Billerica, MA). Expression plasmids pCS2
FLAG-SMAD3 (31), pCS2 FLAG-SMAD3 (EPSM) (31), and
pCS2 FLAG SMAD3 EPSM A213S (32) were gifts from Joan
Massagué (Addgene plasmids 14052, 14963, and 27113). Phar-
macologic inhibitors, recombinant proteins, and neutralizing
antibodies were obtained as follows: PD98059, U0126,
SB202190, SP600125, and human recombinant TGF-£1, B2, B3
(Cell Signaling Technology, Danvers, MA); SIS3 (Millipore);
SB431542 (Tocris, Minneapolis, MN); anti-TGF-B1/2/3 anti-
body and isotype control (R&D Systems, Minneapolis, MN).

RNA Extraction, Quantitative RT-PCR, Microarray Process-
ing, and Data Analysis—Total RNA was isolated using QIAzol®
reagent and the miRNeasy Mini kit from Qiagen (Valencia,
CA). Quantitative reverse transcription-PCR (qQRT-PCR) using
the standard AACt method was performed using TagMan®
primers (Applied Biosystems, Waltham, MA) listed in Table 1
with 18S rRNA as the internal control. Microarray processing
and data analysis services were provided by the Penn Molecular
Profiling Facility using the Affymetrix GeneChip® Human
Gene 2.0 ST Array (Affymetrix, Santa Clara, CA). For each
group (untreated and FAC-treated), three independent arrays
were performed, probing >40,000 transcript IDs from more
than 24,800 genes. Processing steps were conducted as
described in the Ambion WT Expression Manual and the
Affymetrix GeneChip Expression Analysis Technical Manual.
For data analysis, probe intensity (.cel) files were imported into
Partek Genomics Suite (v6.6, Partek Inc., St. Louis, MO) where
robust multiarray average normalization was applied yielding
log,-transformed intensities. These values were tested for dif-
ferential expression using Significance Analysis for Microar-
rays (SAM; samr v2.0, Stanford University) (33), yielding a fold
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TABLE 2
Sigma MISSION lentiviral transduction particles

Product name

Abbreviation used

Catalog number

pLKO.1-puro empty vector control Vector SHCO001V
pLKO.1-puro non-mammalian shRNA control sh-null SHC002V
pLKO.1-puro-CMV-TurboGFP™ positive control t-GFP (not shown) SHC004V
pLKO.1-puro SMAD3 shRNA sh-SMAD3 SHCLNV-NM_005902 TRCN0000330127

TABLE 3
PCR primers used to generate C3 promoter fragments

Fragment Forward primer (5'-3") Reverse primer (5'-3")
500 bp/WT ACGTACGCGTAGTTTCTGTGCTGGGCTC ACGTAGATCTGACAGTGCAGGGTCAGAG
1 kb ACGTACGCGTCTACTTGGGTGGTTGAGC ACGTAGATCTGACAGTGCAGGGTCAGAG
1.5 kb ACGTACGCGTGAGGCAGGAGAATTGTTT ACGTAGATCTGACAGTGCAGGGTCAGAG
2 kb ACGTACGCGTGCAGGGCTCATAAGTGTG ACGTAGATCTGACAGTGCAGGGTCAGAG
500 bp/bZIP1 AATGGTATTGTGTCGACTGGGGCAGCC TCCTAAGCTTTTCAGTCC
500 bp/bZIP2 GAAAAGCTTATCGCGAGGTATTGAGAAATCTGGGGCAGCCCCAAAAGG AGTCCCTGGGGCCAACAT

change and g value (false discovery rate) for each transcript. To
consider a transcript for input into DAVID Bioinformatics
Resources 6.7 (accessed February 2015) for pathway analysis,
the thresholds of fold change =1.5 (up or down) and ¢q value
=10% were applied. The KEGG and BioCarta pathway map-
ping databases as well as GOTERM_BP_FAT biological process
database were included within the analysis. The top pathways/
processes were determined by setting the corrected false dis-
covery rate (Benjamini-Hochberg) to <10%. The complete
array data set can be accessed in the supplemental table, and the
.cel files have been deposited in NCBI's Gene Expression
Omnibus, accessible through GEO series accession number
GSE67603.

Whole Cell Protein Extraction, Cell Compartment Protein
Extraction, and Western Blotting—Whole cell protein lysates
were extracted using Laemmli SDS lysis buffer supplemented
with protease/phosphatase inhibitor mixture and PMSF (Cell
Signaling Technology) according to standard methods. Lysates
were sonicated for 10 s prior to quantification with the 660 nm
protein assay (Pierce). For each sample, 30 ug of protein were
loaded onto a 4—12% Bis-Tris gel for Western blotting. Non-
nuclear (cytoplasmic, membranous, and cytoskeletal) and
nuclear protein lysates were extracted using the Qproteome®
cell compartment kit (Qiagen) according to the manufacturer’s
instructions. Primary antibodies used are as follows: anti-p-
ERK1/2, anti-ERK1/2, anti-p-SMAD?2 (Ser-245/250/255), anti-
GAPDH, and anti-a-tubulin clone 11H10 (Cell Signaling Tech-
nology); anti-SMAD3, anti-FLAG M2, and anti-actin AC-40
(Sigma); anti-p-SMAD3 (Ser-213) (Assay Biotech, Sunnyvale,
CA); anti-transferrin receptor (TFRC; Invitrogen); and anti-p-
SMAD3 (Ser-423/425) and anti-lamin B1 (Abcam, Cambridge,
MA). Anti-C/EBP-6 (clone L46-743.92.69) was provided by BD
Pharmingen as an outcome of an antibody co-development col-
laboration with the National Cancer Institute. Secondary anti-
bodies IRDye® 680RD donkey anti-rabbit and 800CW donkey
anti-mouse (LI-COR Biosciences, Lincoln, NE) were used in
combination when possible for two-channel infrared detection
with an Odyssey imager. Image] 1.46r software was used for
band densitometry.

Knockdown of SMAD3 Using Lentiviral Vectors—This was
performed according to the MISSION® shRNA instructions
(Sigma). Briefly, ARPE-19 cells were seeded overnight to 70%
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confluence prior to treatment with lentiviral transduction par-
ticles (Sigma) that express shRNA targeting SMAD3 tran-
scripts (sh-SMAD3). All particles used including controls are
listed in Table 2. Cells were used for qRT-PCR 72 h post-trans-
duction without selection, or puromycin was used to select for
stably transduced cells for two to three passages prior to qRT-
PCR and Western blotting.

Plasmid Construction, Transfection, and Dual-Luciferase
Assays—DNA fragments consisting of four different sized,
overlapping sequences of the C3 gene promoter flanked by 5’
and 3’ Mlul and BglII sites, respectively, were amplified by the
Q5® high fidelity DNA polymerase from New England Biolabs
(Ipswich, MA). The fragments, which are ~500 bp (—481 to
+52), 1.0 kb (— 1078 to +52), 1.5 kb (—1555 to +52), and 2.0 kb
(—2047 to +52), were cloned into the pCR-Blunt Il TOPO vec-
tor using the Zero Blunt TOPO kit (Life Technologies) accord-
ing to the product instructions. Once sequence-verified, the
fragments were subcloned into the pGL3-Basic vector (Pro-
mega, Madison, WI) for luciferase assays. The bZIP1 and bZIP2
mutant vectors with the same base substitutions as previously
reported (34), were generated using the Q5 site-directed
mutagenesis kit (New England Biolabs) from the pGL3 wild-
type (WT) 500-bp vector template. All primers are listed in
Table 3. ARPE-19 cells at 80% confluence grown in complete
medium with no antibiotics were transfected with either empty
or promoter-inserted pGL3 vector using the reagent Lipo-
fectamine LTX (Life Technologies) at a 2:1 LTX:DNA ratio for
4 h before initiation of FAC treatment. Luciferase activity was
then determined with the Dual-Luciferase reporter assay sys-
tem kit (Promega) according to the manufacturer’s protocols.
Luminescence was read for 1.5 s by an Infinite M200 Pro plate
reader (Tecan Systems, Morrisville, NC).

ELISA—Detections of secreted C3 precursor protein
(Abcam), C3a (BD Biosciences), and Factor B fragment Ba
(Quidel, San Diego, CA) in ARPE-19 cell culture conditioned
medium were performed according to each manufacturer’s
instructions. The conditioned medium used for C3 assay did
not require concentration, but those for C3a and Ba required an
~70-fold concentration for detection in the standard range.
Amicon Ultra-15 centrifugal filters with a 3-kDa-molecular
mass cutoff membrane (Millipore) were used for concentration
of media.
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FIGURE 1. Iron up-regulates C3 expression in ARPE-19 cells. A, viability of cells grown as 1-month differentiated monolayers and treated with FAC at increasing
doses for 2 days (d). Viability is decreased with 25 umiron treatment compared with untreated but remains stable for higher doses examined. Band C, TFRCmRNA and
C3 mRNA levels, respectively, with increasing FAC treatment doses for 2 days. TFRC mRNA levels decrease with 25 umiron relative to untreated and are stable at higher
doses; similarly, C3 mRNA levels are increased at the lowest iron dose relative to untreated but remain stable at the higher doses. D, C3 protein levels increase, relative
to untreated, in the conditioned medium of cells treated with increasing doses of FAC for 2 days. £, C3 mRNA levels are increased relative to control cells at each of the
2-,4-,and 8-day time points after the initial 250 um FAC treatment. F, C3 mRNA levels of cells treated with Fe* ", Mn?*, Ni?*, or Cu* at 250 um concentration for 2 days
with only Fe**/FAC showing an increase in C3 mRNA relative to untreated. G and H, C3 mRNA levels of cells treated with 9.75 mg/ml holo-transferrin (holo-Tf) are
increased relative to those of apo-transferrin (apo-Tf)-treated cells with a corresponding decrease in TFRC mRNA. Data are expressed as mean = S.E. (error bars) (n =
3 with the following statistical notations: **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

Immunofluorescence of Human Aceruloplasminemia Retina  publication in adherence to the tenets of the Declaration of
Paraffin Sections and Mouse Retinal Cryosections—QOcular tis- Helsinki (35). The paraffin sections were stained with anti-hu-
sue from a 60-year-old male donor with aceruloplasminemia man C3d antibody (1:100; Abcam). Generation of the systemic
was prepared as paraffin sections as described in a previous ceruloplasmin-null, bestrophin promoter-driven Cre recombi-
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TABLE 4
The most up-regulated and down-regulated annotated transcripts in ARPE-19 cells treated with FAC
Gene -Fold change

Transcript ID RefSeq Gene name symbol (log,)”

Transcripts with up-regulated expression
16955939 NM_015541 Leucine-rich repeats and immunoglobulin-like domains 1 LRIGI 2.69089
16911261 NM_001200 Bone morphogenetic protein 2 BMP2 2.44466
16996813 NM_005582 CD180 molecule CD180 2.30087
17089003 NM_182487 Olfactomedin-like 2A OLFML2A 2.24716
16750996 NM_020039 Amiloride-sensitive cation channel 2, neuronal ACCN2 2.18511
16867784 NM_000064 Complement component 3 C3 2.18391
16829801 NM_001124758 Spinster homolog 2 (Drosophila) SPNS2 2.18123
17096285 NM_001333 Cathepsin L2 CTSL2 2.16549
16785938 NM_015351 Tetratricopeptide repeat domain 9 TTCY 2.09855

Transcripts with down-regulated expression
17056984 NM_002192 Inhibin, BA INHBA —2.02469
16907639 NR_036227 MicroRNA 2355 MIR2355 —2.07836
16976599 NM_014465 Sulfotransferase family, cytosolic, 1B, member 1 SULTIBI —2.11595
16912362 NM_181353 Inhibitor of DNA binding 1, dominant negative helix-loop-helix protein ID1 —2.96384
16963241 NM_003234 Transferrin receptor (p90, CD71) TFRC —3.07206
16683377 NM_002167 Inhibitor of DNA binding 3, dominant negative helix-loop-helix protein ID3 —4.0267
17084723 NM_001216 Carbonic anhydrase IX CA9 —4.35892

“ Data are relative to control, untreated cells.

nase, hephaestin floxed/floxed mouse on a C57BL/6 back-
ground (BCre*, Cp~ ', Heph"'") has also been described in a
previous publication (36). Background-matched C3-null
(C37/7) mice were provided by Wenchao Song (University of
Pennsylvania). All mice were handled in accordance with the
Institutional Animal Care and Use Committee of the University
of Pennsylvania. Retina cryosections of 10-um thickness
derived from 12-month-old mice were used for immunolabel-
ing studies. The primary antibodies used were rabbit anti-L-
ferritin clone F-17 at a 1:100 dilution (a generous gift from
Paolo Arosio, Universita Degli Studi di Brescia, Brescia, Italy)
and goat anti-mouse C3d at a 1:100 dilution (R&D Systems).
Slides were examined on a Nikon Eclipse 80i microscope, and
images were acquired using NIS-BR Elements v4.1 software
(Nikon, Melville, NY).

Statistics—All experiments were performed in at least tripli-
cate with mean = S.E. reported for each comparison group. The
means were analyzed using either a two-tailed Student’s ¢ test or
a one-way analysis of variance followed by a Bonferroni post
hoc test (Prism 5.0, GraphPad Software, San Diego, CA).

RESULTS

Iron Induced the Expression of Endogenous C3 in ARPE-19
Cells—In a previous publication, we have shown that photo-
oxidative stress in mouse RPE cells can lead to elevated C3
mRNA levels (37). These changes are accompanied by altered
expression of iron regulatory proteins. More directly, a mouse
model of retinal iron overload, Cp~'~ Heph®**, exhibited depo-
sition of activated C3 fragments in the basolateral RPE and
Bruch’s membrane (24). Because C3 is a central player in the
complement cascade, here we investigated whether iron can
specifically induce C3 transcription and translation in the RPE
cell. Using the human ARPE-19 cell line differentiated in low
serum for 1 month and then cultured in serum-free medium,
we determined that the viability of these cells decreased by 30%
but remained stable at all iron (FAC) doses in the 25 uM to 1 mm
range (Fig. 1A4). In this same analysis, TFRC mRNA levels
decreased by at least 50% in the same dose range (Fig. 1B),
indicating an increase of the labile iron pool and an intact iron
regulatory axis. Concurrently, the C3 mRNA levels increased by
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3—4-fold relative to untreated cells (Fig. 1C). In a correspond-
ing experiment, the C3 protein levels in the conditioned
medium were found to increase 2—3-fold within the range of
FAC used (Fig. 1D). Renewal of culture medium and continued
treatment with FAC beyond 2 days (i.e. 4 and 8 days) resulted in
further increases in C3 mRNA levels up to 20-fold (Fig. 1E).
However, it was determined that only treatment with FAC, but
not other transition metals (Mn**, Ni*", and Cu*"), induced
increases in C3 mRNA levels relative to untreated (Fig. 1F). C3
mRNA up-regulation was also observed in cells treated with
holo-transferrin, the extracellular iron carrier protein. The lev-
els increased by ~2.5-fold (Fig. 1G), whereas TFRC mRNA lev-
els decreased by ~40% (Fig. 1H). Overall, these data delineate a
specific, iron-induced C3 gene response within the RPE cell.

Pathway Enrichment Analysis Implicates TGF-8 Signaling in
Iron-induced C3 Expression—To characterize the potential
molecular pathway(s) affected by iron treatment and identify
the one(s) responsible for C3 induction, we performed a whole
genome microarray on untreated ARPE-19 cells and cells
treated with 250 um FAC for 48 h/2 days (supplemental table).
Iron loading resulted in 95 transcripts with up-regulated
expression and 122 transcripts with down-regulated expression
of magnitude =1.5-fold and g <10%. After eliminating non-
annotated entries, we derived a list of 70 up-regulated and 87
down-regulated transcripts (total, 157) of which nine up-regu-
lated transcripts and seven down-regulated transcripts were of
amagnitude =2.0-fold (Table 4). Both C3 and TFRC are among
these “top hits” (Table 4), validating our results above in Fig. 1.
Using the list of 157 transcripts with expression change magni-
tude =1.5-fold as input into the program DAVID, we generated
another list of “pathways” and “biological processes” that best
represent these transcripts. The entry “TGF-B signaling”
topped this list, fitting within the constraint of false discovery
rate (Benjamini-Hochberg) <10%. Subsequent entries did not
meet this statistical significance cutoff.

Iron-induced C3 Up-regulation Is Independent of TGF-[3
Ligands—To determine whether TGF-B ligands drive C3 up-
regulation following iron treatment, we incubated ARPE-19
cells with human recombinant TGF-B1, TGF-32, or TGF-f33.
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FIGURE 2. Iron-induced C3 expression is not dependent on TGF- ligand/receptor-mediated canonical signaling. A, C3 mRNA levels in ARPE-19 cells are
repressed by exogenous TGF-B1 (10 ng/ml; 2 days (d)), and this inhibition is partially relieved by TGF-B receptor inhibitor SB431542 (100 nm; 2 days). In contrast,
PAI-1 mRNA levels are significantly increased by TGF-B1, and this increase is partially inhibited by SB431542. B, TGFB1 mRNA levels show an increase with FAC
treatment; TGF-B1 protein levels in the conditioned medium of FAC-treated cells show a significant decrease relative to untreated. C, C3 mRNA levels are
increased with addition of neutralizing antibody anti-TGF-81/2/3 (10 ng/ml; 2 days) when compared with control or IgG treatment conditions. PAI-1 mRNA
levels are decreased in the same comparison. D, C3 mRNA levels are not significantly changed with co-treatment with anti-TGF-31/2/3 antibody and FAC when
compared with FAConly. PAI-1 mRNA levels are decreased to similar levels with co-treatment with anti-TGF-81/2/3 antibody and FAC compared with FAC only.
Data are expressed as mean = S.E. (error bars) (n = 3 with the following statistical notations: *, p =< 0.05; ***, p < 0.001; ****, p < 0.0001; ns, not significant).

By qRT-PCR analysis, TGF-B1 (Fig. 24) and to a lesser degree
TGEF-B3 (data not shown) showed significant down-regulation
of C3 mRNA levels, whereas TGF-£2 showed no significant
difference when compared with untreated control (data not
shown). These results suggest that the ligands, via canonical
TGEF-B pathway activation, do not account for the increase in
C3 mRNA levels observed with iron loading. The significant
up-regulation of specific downstream target genes of these
ligands, such as plasminogen activator inhibitor type 1 (PAI-1)
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in the case of TGF-B1 (Fig. 2A), demonstrated that the canon-
ical TGF-B pathway is intact and that TGF- receptor blockade
using SB431542 is efficacious. We then investigated the levels of
TGFB1 mRNA and TGEF-f1 protein under untreated and FAC-
treated conditions and found that mRNA levels were increased
slightly by ~1.3-fold, but the secreted protein levels were mod-
erately but significantly decreased by ~20% (Fig. 2B). This led
to the hypothesis that basal TGF-f3 levels, although suppressed
by FAC, are important for regulating C3 mRNA levels. To test
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FIGURE 3. Non-canonical TGF-f signaling involving ERK1/2 and SMAD3 mediates iron induction of C3. A, C3 mRNA levels in ARPE-19 cells treated with
MEK1/2 inhibitor PD98059 (5 um; 2 days (d)), p38 inhibitor SB202190 (20 um; 2 days), or INK1/2/3 inhibitor SP600125 (50 um; 2 days) alone and plus FAC. Control
contains vehicle only (DMSO). Relative to FAC alone, only PD98059 showed a significant decrease in C3 mRNA levels when co-treated with FAC. B, the specific
inhibitor of SMAD3, SIS3 (2 um; 2 days), inhibited FAC-induced C3 up-regulation. SIS3 decreased basal C3 mRNA levels. C, iron-induced increases in C3 protein
levels in the conditioned media are diminished by SIS3 and PD98059. D, SIS3 inhibited PAI-1 mRNA levels to the same extent as FAC, whereas PD98059 had no
significant effect. Co-treatment with SIS3 and FAC showed no additional suppression of PAI-1 mRNA levels, but co-treatment with PD98059 and FAC restored
them to baseline. E, Western blot and densitometry analysis for p-ERK1/2 and ERK1/2 in lysates derived from cells at different time points (0, 1, 3, and 6 h)
post-FAC treatment, with or without SIS3 co-treatment. SIS3 showed no effect on the FAC-induced increase of p-ERK1/2 at Th. Data are expressed as mean *
S.E. (error bars) (n = 3 with the following statistical notations: *, p < 0.05; **, p =< 0.01; ***, p =< 0.001; ****, p =< 0.0001; ns, not significant).

this hypothesis, we treated cells with anti-TGF-f31/2/3 neutral- FAC treatment. This inhibitor was able to block FAC-induced
izing antibody and found that C3 mRNA levels were increased =~ C3 up-regulation (Fig. 3A). Another inhibitor that functions by
by ~1.7-fold relative to control conditions, and PAI-1 mRNA  asimilar mechanism, U0126, achieved the same effect (data not
levels were decreased by ~60% in the same comparison (Fig. shown). In contrast, inhibitors of the two other MAPK classes,
2C). We further asked whether basal TGEF-B activity affects the = SB202190 against p38 and SP600125 against JNK1/2/3, did not
degree of FAC-induced C3 up-regulation. To determine this, suppress FAC-induced C3 up-regulation (Fig. 3A4).
we co-treated with anti-TGF-B1/2/3 antibody and FAC, which ERK1/2 can phosphorylate the linker region residues of
showed no significant difference in C3 mRNA levels compared SMAD2/3, central components in the TGF-8 signaling path-
with FAC only (~2.5-fold over untreated) (Fig. 2D). PAI-1  way (40—44). In the present study, FAC did not induce linker
mRNA levels were repressed by FAC but not further lowered by  region phosphorylation of SMAD2 (data not shown). Thus, to
addition of neutralizing antibody (Fig. 2D). assess whether SMAD3 plays a direct role in C3 induction, we
Iron-induced C3 Up-regulation Involves ERK1/2 and SMAD3  co-administered a specific inhibitor of SMAD3 function, SIS3
Non-canonical TGF-f3 Signaling—Iron has been shown previ- (45), with FAC and found that this compound suppressed the
ously to induce ERK1/2 phosphorylation in rat hippocampal up-regulation (Fig. 3B). SIS3 alone also decreased C3 mRNA
neurons and mouse neurosensory retina (38, 39). To examine levels relative to the untreated baseline (Fig. 3B), suggesting
whether ERK1/2 plays a role in iron induction of C3, we pre- that the inhibitor modulates basal C3 expression. Furthermore,
treated ARPE-19 cells with PD98059, a pharmacologic inhibi- ARPE-19 cells co-treated with SIS3 or PD98059 and FAC
tor of MEK1/2, the kinase upstream of ERK1/2, followed by showed diminished levels of C3 protein in the conditioned
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FIGURE 4. Iron-induced changes in SMAD3 phosphorylation are mediated by non-canonical TGF- signaling. A, Western blot and densitometry analysis
of ARPE-19 cell lysates for p-SMAD3 (Ser-213), p-SMAD3 (Ser-423/425), SMAD3, and TFRC in a FAC treatment time course experiment. The p-SMAD3 (Ser-213)
150-kDa band increased whereas the p-SMAD3 (Ser-423/425) and TFRC bands decreased in intensity in a time-dependent manner. The p-SMAD3 (Ser-213)
antibody-detectable 52-kDa band showed no significant change in the same time course. The SMAD3 protein levels also remain unchanged. B, cells transfected
with constructs expressing FLAG-tagged SMAD3, SMAD3 EPSM (linker mutations), and SMAD3 EPSM A213S (mutation reverted at residue 213) showed
specificity of the antibody used to detect p-SMAD3 (Ser-213) in Western blots. C, Western blot and densitometry analysis of p-SMAD3 (Ser-213) shows that
co-treatment with SIS3 or PD98059 and FAC reduced the intensity of this band relative to FAC alone. SIS3 decreased the basal p-SMAD3 (Ser-213) levels.
Blotting and analysis of p-SMAD3 (Ser-423/425) demonstrated that SIS3 reduced band intensity to the same extent as FAC alone, whereas PD98059 had no
significant effect. Co-treatment with either inhibitor with FAC showed no significant difference from FAC alone. Data are expressed as mean = S.E. (error bars)
(n = 3 with the following statistical notations: *, p =< 0.05; **, p =< 0.01; ***, p =< 0.001; **** p = 0.0001; ns, not significant).

medium compared with cells treated with FAC alone (Fig. 3C).
Expression of the TGF-B1-responsive gene PAI-1 was inhibited
by SIS3 but not by PD98059. The FAC-induced repression of
PAI-1 mRNA levels was relieved by PD98059 (Fig. 3D). To
determine the temporal sequence of ERK1/2 phosphorylation
and SMAD3 activity, we treated cells with FAC for different
lengths of time (0, 1, 3, and 6 h) in the absence and presence of
SIS3 and found no difference in p-ERK1/2 levels by Western
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blotting at each of the time points examined (Fig. 3E). In con-
trast, PD98059 inhibited FAC-induced SMAD3 linker phos-
phorylation at Ser-213 (Fig. 4C). These findings place ERK1/2
upstream of SMAD3 in an FAC-induced signaling pathway.
Iron-induced Changes in SMAD3 Phosphorylation Are Dis-
tinct from Canonical TGF-f3 Effects—Since C3 up-regulation
involves SMAD3 activity, we probed the phosphorylation sta-
tus of SMAD3 following iron treatment. Using phospho-spe-
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cific antibodies directed against a linker region residue (Ser-
213) and the C-terminal residues (Ser-423/425), we found two
directly opposite effects: p-SMAD3 (Ser-213), shown as a 150-
kDa band, gradually increased at time points up to 48 h/2 days,
whereas p-SMAD3 (Ser-423/425) decreased in the same time
course (Fig. 44). The p-SMAD3 (Ser-213) antibody-detectable
52-kDa band remained at baseline levels. TFRC protein levels
diminished as a reflection of increasing labile iron pool (Fig.
4A). To test the specificity of the anti-p-SMAD3 (Ser-213) anti-
body in Western blotting (Fig. 4B), we transfected cells with a
construct expressing FLAG-SMAD3 and detected a band at 54
kDa. We also transfected a construct expressing FLAG-
SMAD3 EPSM (with mutated linker region phosphorylation
sites) and detected virtually no band. Finally, we transfected a
construct expressing FLAG-SMAD3 EPSM A213S (with resi-
due 213 reverted back to serine) and detected the band once
again. This, together with SMAD3 shRNA data shown below
(see Fig. 6A), suggest that the 150-kDa band detected in
untransfected cells contains p-SMAD3 (Ser-213). Western
blots also showed that the SMAD3 inhibitor SIS3 and MEK1/2
inhibitor PD98059 can suppress iron-induced increases in
p-SMAD3 (Ser-213) levels, supporting further the model that
ERK1/2 and SMAD3 are in the same signaling pathway (Fig.
4C). Of note, p-SMAD3 (Ser-213) levels decreased with SIS3
treatment compared with the untreated baseline. This finding
correlates with decreased C3 mRNA levels observed in the
same comparison in Fig. 3B. In addition, SIS3 can suppress
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basal p-SMAD3 (Ser-423/425) levels to the same extent as FAC
alone, whereas PD98059 showed no such effect on the phos-
phorylation of these C-terminal residues (Fig. 4C).

To gain insight into the role of endogenous TGF-8 on the
regulation of p-SMAD3 (Ser-213) and p-SMAD3 (Ser-423/
425), we treated cells with BSA, IgG, or anti-TGF-1/2/3 anti-
body with or without FAC. Anti-TGF-B1/2/3 antibody alone
dramatically decreased basal, TGF-B-sustained p-SMAD3
(Ser-213) (Fig. 5A). In the presence of this antibody, iron
retained its ability, albeit to a lesser extent, to induce formation
of the p-SMAD3 (Ser-213) complex. Anti-TGF-£1/2/3 anti-
body alone also decreased p-SMAD3 (Ser-423/425) levels as
expected, whereas iron treatment potentiated this suppressive
effect. In contrast, cells treated with exogenous TGF-B1 for 1 h
demonstrated no significant difference in p-SMAD3 (Ser-213)
levels but exhibited up-regulated p-SMAD3 (Ser-423/425) lev-
els, consistent with canonical signaling effects (Fig. 5B). This
increase returned to basal level at 2 days (data not shown).

To verify that the 150-kDa band does contain SMAD3 and
more specifically p-SMAD3 (Ser-213), we transduced ARPE-19
cells with lentiviral constructs expressing shRNA to stably
knock down SMAD3 protein (Fig. 64). With SMAD3 knock-
down (sh-SMAD3), the iron-induced increase in intensity of
the 150-kDa band as detected by anti-p-SMAD?3 (Ser-213) was
diminished, unlike in the control cell lines (untransduced, vec-
tor, and sh-null), which are shown in the same panel (Fig. 6A).
In addition, qRT-PCR measurement of C3 mRNA levels in sh-
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SMAD3 cells revealed a lack of FAC-induced up-regulation,
which was present in the three control cell lines (Fig. 6B). To
determine whether the p-SMAD3 (Ser-213)-containing pro-
tein complex (150 kDa) undergoes nuclear translocation, we
performed cellular fractionation on untransduced cells with or
without FAC treatment. This band, regardless of iron treat-
ment, localized only to the non-nuclear fraction, suggesting
that the complex does not translocate to the nucleus (Fig. 6C).
In addition, the p-SMAD3 (Ser-213) antibody-detectable
52-kDa protein was not induced by FAC in either the non-
nuclear or the nuclear compartment (Fig. 6C).

Iron-induced Increases in CEBPD mRNA Levels and C/EBP-6
Protein Levels in Both the Non-nuclear and Nuclear Compart-
ments Are Dependent on SMAD3 Activity—It has been reported
that SMAD3 physically interacts with C/EBP-6 and inhibits the
transcription of C/EBP target genes important for adipocyte
differentiation (46). To probe the regulatory relationship link-
ing iron to SMAD3 and C/EBP-8, we first measured CEBPD
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mRNA levels and found that FAC up-regulated CEBPD. Then
co-treatment with SIS3 and FAC significantly decreased these
levels (Fig. 7A). This finding posits a crucial role for SMAD3 in
FAC-induced CEBPD gene regulation. In testing TGF-B-medi-
ated basal CEBPD regulation, we found that anti-TGF-£1/2/3
antibody alone increased CEBPD mRNA levels by a modest
~1.3-fold relative to control (Fig. 7B). FAC increased CEBPD
mRNA levels by ~2-fold relative to controls, although levels
following co-treatment with FAC and anti-TGF-£1/2/3 anti-
body were not significantly different from those following FAC
treatment alone (Fig. 7C). The trends in these neutralizing anti-
body experiments correlate with those found when measuring
C3 mRNA levels (Fig. 2, C and D).

FAC also increased non-nuclear and nuclear C/EBP-§ pro-
tein levels in a time-dependent manner (Fig. 7D). Next, we
aimed to understand the role of SMAD3 in iron-induced
C/EBP-6 nuclear accumulation by comparing nuclear C/EBP-6
levels in the absence or presence of FAC for the sh-SMAD3 and
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FIGURE 7. Iron-induced CEBPD mRNA expression and C/EBP-6 protein nuclear translocation are dependent on SMAD3 activity. A, CEBPD mRNA levels
in ARPE-19 cells are decreased by co-treatment with SIS3 and FAC compared with FAC alone, which is increased relative to control. B, CEBPD mRNA levels are
increased with addition of neutralizing antibody anti-TGF-31/2/3 (10 ng/ml; 2 days (d)) when compared with control or IgG treatment conditions. C, CEBPD
mRNA levels are elevated with FAC treatment but not significantly changed with co-treatment with anti-TGF-81/2/3 antibody and FAC. D, Western blot and
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0.01; *** p =< 0.001; **** p = 0.0001; ns, not significant).

control cell lines. We showed that SMAD3 knockdown blocked =~ SMAD3 elevated basal C/EBP-6 protein levels in both compart-
the iron-induced increase within the nuclear as well as the non-  ments in the absence of iron stimulus. In agreement with pro-
nuclear compartments (Fig. 7E). Interestingly, knockdown of  tein quantitation, CEBPD mRNA levels were increased in both
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ARPE-19 cells transfected with luciferase vectors containing a set of nested but different sized C3 promoter fragments as schematically indicated uniformly
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the puromycin-selected (Fig. 7E) and unselected sh-SMAD3
cells relative to controls (data not shown). Taken together,
these results suggest that SMAD3 mediates FAC-induced
increases in CEBPD mRNA and C/EBP-6 protein in both the
non-nuclear and nuclear compartments.

Iron Can Effect Transcriptional Up-regulation of C3 via the
bZIP1 Domain of the C3 Promoter—It has been reported that
C/EBP-&binds to the bZIPI domain of the C3 promoter follow-
ing stimulation by IL-1 (34, 47, 48). To determine whether iron
can similarly stimulate the C3 promoter, we generated a set of
luciferase constructs harboring four overlapping but discretely
sized C3 promoter fragments and transfected them into
ARPE-19 cells (Fig. 84). Cells transfected with each of the four
fragments, ~500 bp, 1 kb, 1.5 kb, or 2.0 kb in length relative to
the C3 transcription start site, responded to iron treatment
with increased firefly luciferase activity, whereas Renilla lucif-
erase, which served as a transfection control, showed no signif-
icant difference between the with or without iron conditions
(Fig. 8A). In a follow-up luciferase assay, cells transfected with a
vector harboring the wild-type proximal 500-bp promoter frag-
ment were compared with cells transfected to contain the same
fragment with either the bZIPI1 or bZIP2 domain mutations
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described previously (34). As shown, bZIP1, but not bZIP2, lost
its iron-inducible luciferase activity (Fig. 8B). Therefore, bZIP1,
the putative C/EBP-6 binding site, is likely to be important for
iron-mediated C3 transcriptional up-regulation.

Iron-induced C3 Protein Activation and Alternative Comple-
ment Pathway Activation Can Be Suppressed by Pharmacologic
Inhibition of SMAD3 and ERK1/2—To examine the effect of
iron on C3 protein activation, we used ELISA to measure the
levels of the cleavage by-product of C3 activation, C3a, in
ARPE-19 cell-conditioned media. There was an iron dose-de-
pendent increase in C3a levels (Fig. 94). We also found a signif-
icant decrease in C3a levels when comparing cells that were
co-treated with SIS3 or PD98059 inhibitor and FAC with cells
treated with FAC alone (Fig. 9B). Evidently, pharmacologic
suppression of C3 mRNA (Fig. 3, A and B) and protein (Fig. 3C)
levels also translated into decreased C3 protein activation. By
approximation, iron induced a comparable 2-fold change in
both C3 and C3a levels relative to untreated (Figs. 3C and 9B).
Analogously, co-treatment with SIS3 or PD98059 and FAC
compared with FAC alone resulted in an ~25% decrease in both
C3 and C3a levels (Figs. 3C and 9B). In addition, co-treatment
with both inhibitors and FAC achieved commensurate levels of
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FIGURE 9. Iron-induced C3 processing and alternative pathway activa-
tion can be suppressed by inhibitors of SMAD3 and MEK1/2. A, ELISA of
C3a from the conditioned medium of untreated ARPE-19 cells and those
treated with different doses of FAC for 2 days (d). Compared with either
untreated or 25 um FAC-treated cells, the 250 um FAC-treated cells showed a
significant increase in C3a production. B, C3a production is significantly
decreased by co-treatment with SIS3 or PD98059 and FAC compared with
FAC alone at 4 days; co-treatment with both inhibitors and FAC did not fur-
ther reduce C3a levels compared with co-treatment with a single inhibitor
and FAC. C, ELISA using some of the same conditions as in B showed that
production of Factor Ba, a marker of alternative complement pathway activa-
tion, is decreased by co-treatment with SIS3 or PD98059 and FAC compared
with FAC alone. Data are expressed as mean = S.E. (error bars) (n = 3 with the
following statistical notations: *, p < 0.05; **,p < 0.01; ***, p < 0.001; ****, p <
0.0001; ns, not significant).

C3a protein as co-treatment of a single inhibitor and FAC (Fig.
9B). To study the alternative complement pathway activation
status, we measured the levels of the Factor B activation prod-
uct, Factor Ba, and determined that, relative to untreated, FAC
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induced Factor Ba production. This effect was inhibited by co-
treatment with SIS3 or PD98059 inhibitor and FAC (Fig. 9C).
Although this finding points to a possible co-regulation of Fac-
tor B and C3 expression, it is not further explored herein.

Chronic Iron Overload in the RPE Is Associated with
Increased C3 Expression and Activation as Demonstrated by
Localized C3d Deposition in Vivo—Our group has published a
case report of post-mortem retinal findings in a human patient
with aceruloplasminemia showing iron overload in the RPE
cells (35). In the present study, we used paraffin-embedded sec-
tions containing RPE cells of the macular region where iron
deposition is the most concentrated and detected stronger sig-
nals for C3d, a C3 activation fragment, than in the same region
of an eye from an age-matched patient without retinal disease
(Fig. 10A). The fluorescence pattern is punctate and distributed
throughout the cell, a pattern that is absent in the sections from
the normal eye. Furthermore, a ferroxidase conditional knock-
out in the RPE serves as a good ocular disease model for the
human disease aceruloplasminemia. As such, these BCre™,
Cp~'~, Heph™* mice have a mosaic pattern of gene ablation
with select RPE cells exhibiting iron overload detected by L-fer-
ritin antibody staining. Cells showing strong L-ferritin signal
are highly correlated with cells showing increased C3d deposi-
tion (Fig. 10B).

DISCUSSION

The main findings of our study suggest a model, schemati-
cally diagrammed in Fig. 11, as follows. First, increased iron in
RPE cells stimulated the phosphorylation of ERK1/2 followed
by SMAD3 (Ser-213) phosphorylation in a pathway leading to
C3 up-regulation. Second, iron induced increases in linker
region phosphorylation, i.e. p-SMAD3 (Ser-213), and decreases
in C-terminal phosphorylation, i.e. p-SMAD3 (Ser-423/425).
Together these changes represent the effects of cross-talk
between an iron-induced non-canonical TGF-f pathway and
an intrinsic, canonical TGF-B signaling pathway. Third,
SMAD3 mediated the iron-induced up-regulation and nuclear
accumulation of C/EBP-8, a transcriptional inducer of C3.
Fourth, the bZIP1 domain, previously identified as a C/EBP-6-
binding region within the C3 promoter, was responsive to iron
stimulation. Fifth, activation of C3 protein and Factor B, an
activator in the alternative pathway, was induced by increased
iron. Sixth, in vivo studies supported the molecular association
between RPE intracellular iron overload and increased deposi-
tion of activated C3 fragments.

The mechanistic findings in the present study are relevant to
AMD as the disease is associated with elevated RPE iron levels
(20). The increased iron leads to oxidative stress by Fenton
chemistry in RPE cells, likely overwhelming their antioxidant
defenses. As a general concept, oxidative stress is considered as
an inciting factor of complement overactivation in the RPE (30,
49, 50). To determine whether iron can up-regulate RPE com-
plement immune-mediated defenses, we treated ARPE-19 cells
with a standard range of FAC doses (51) and measured C3
mRNA and protein levels. C3 activation indicates a mobilized
arm of innate immunity and a possible buildup of an adaptive
immune response (11, 12). We have for the first time provided
evidence that iron triggers the transcriptional up-regulation,
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FIGURE 10. Iron overload in the RPE is associated with C3 activation as demonstrated by localized C3d deposition. A, paraffin-embedded sections of
normal and aceruloplasminemia human macular retina with RPE and Bruch’s membrane (BrM) labeled are stained with antibodies against C3d (red) and DAPI
for nuclei (blue). B, representative images of RPE cells (arrow) and Bruch’s membrane (arrowhead) in Optimal Cutting Temperature compound-embedded
retina sections of 12-month-old C37/~ and BCre™, Cp~/~, Heph™ mice. Cells with increased L-ferritin levels (green; left panels) have an associated increase in
C3d deposition (red; middle panels). The merged images demonstrating co-localization are shown in the right panels. Scale bars are equivalent to 50 um.

protein secretion, and proteolytic activation of C3. Several
other transition metals did not lead to C3 up-regulation in the
same experimental model. We have also identified components
of the TGEF- signaling superfamily that mediate iron-induced
C3 expression.

Exogenous TGF-f1 ligand stimulates the canonical pathway
(42, 52), resulting in repression of C3 and induction of PAI-1
mRNA levels. These findings demonstrate that in ARPE-19
cells the machinery of the canonical TGF-$ pathway is intact.
When endogenous TGF-f ligands were neutralized in the
absence of FAC, the resultant up-regulation of C3 and down-
regulation of PAI-1 mRNA levels revealed the regulatory role of
the canonical TGF-B pathway at baseline. Because addition of
anti-TGF-B1/2/3 antibody alone up-regulated C3 expression,
one could hypothesize that signaling events of the iron-induced
non-canonical TGF-B pathway could cross-talk with those of
the canonical pathway, leading to inhibition of the inhibitory
effect of the latter on C3 expression. Consistent with this
hypothesis, we found that iron treatment resulted in a modest
but significant decrease in endogenous TGF-f1 levels, thereby
attenuating canonical signaling. Apparently, iron-mediated
effects on the non-canonical and canonical TGF-3 pathways
act together to up-regulate C3. We further explored the relative
contributions of these two pathways to C3 up-regulation. The
up-regulation of C3 as an outcome of activated ERK1/2 and
SMAD3 in non-canonical signaling was ~1.5-fold more robust
than the effect of neutralizing endogenous TGF-8 signaling
(Fig. 2, C and D). Furthermore, co-treatment with anti-TGF-
1/2/3 antibody and iron did not show any additive effect on
C3 up-regulation when compared with iron alone. Taken
together, it is plausible that inhibition of the inhibitory
canonical TGF- signaling plays an adjunctive role in iron-
induced C3 up-regulation.

In the context of iron stimulation, the regulatory cross-talk
between these two pathways may be mediated in part by
ERK1/2. ERK1/2 is thought to have a pathogenic role in both
atrophic and neovascular AMD because p-ERK1/2 is increased
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in human geographic atrophy retinas (53), and RAS/ERK sig-
naling is implicated in oxidative stress-mediated VEGF secre-
tion by ARPE-19 cells (54). ERK1/2 has been shown previously
to phosphorylate several SMAD3 linker region residues in a
variety of cellular contexts (31, 41, 42, 55, 56). In the present
study, we observed that iron-induced activation of ERK1/2, but
not p38 or JNK1/2/3, up-regulated C3 in a non-canonical
TGE-B pathway. Furthermore, the MEK1/2 inhibitor PD98059
blocked iron-induced increases in p-SMAD3 (Ser-213). Taken
together, this suggests that iron activates ERK1/2 to phosphor-
ylate SMAD3 at Ser-213, which likely contributes to C3 up-reg-
ulation. Meanwhile, phosphorylation of C-terminal residues
(Ser-423/425) was not affected by ERK1/2 inhibition in the
absence or presence of iron (Fig. 4C). Although induction of the
TGF-p1 target gene PAI-1 is SMAD3 C-terminal phosphoryla-
tion-dependent (57, 58), phosphorylation of the linker region
by activated ERK1/2 may be important for the inhibitory effect
of iron on PAI-1 expression. We have shown that inhibition of
ERK1/2 activity restored iron-suppressed PAI-1 mRNA levels
back to baseline (Fig. 3D). This finding implies that phosphor-
ylation of the SMAD3 linker region plays a regulatory role in
canonical, C-terminal phosphorylation-dependent gene ex-
pression. Nevertheless, iron appears to utilize spatially distinct
SMAD3 phospho-isoforms as a platform to convey different
signals to effector genes as exemplified by the transcriptional
up-regulation of C3 versus the down-regulation of PAI-1.

In ARPE-19 cells, the 150-kDa band detected by p-SMAD3
(Ser-213) antibody and up-regulated by iron contains SMAD3.
Results from antibody specificity tests, SIS3 inhibition, and tar-
geted knockdown of SMAD3 support this finding. Previously, it
was determined that SMAD3-containing complexes are dis-
tributed over a wide range of molecular masses (59), and 150
kDa is within this range. However, this 150-kDa complex
should have dissociated under SDS-PAGE conditions. The lack
of dissociation then raises the possibility that either the com-
plex is extraordinarily stable or it represents a covalently mod-
ified form of SMAD3 that cannot be effectively disrupted by
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FIGURE 11. The molecular mechanism of iron-induced RPE C3 production
involves ERK1/2, SMAD3, and C/EBP-§ signaling. Increased intracellular
iron (Fe*") in RPE cells treated with FAC stimulates the phosphorylation of
ERK1/2 followed by SMAD3 linker (Ser-213) phosphorylation (orange up
arrow) in a non-canonical TGF-B pathway leading to up-regulation of C3, the
central molecule of the complement cascade (the FAC-induced pathway is
delineated by orange arrows). MEK1/2 inhibitor PD98059 and SMAD3 inhibi-
tor SIS3 can block FAC-induced C3 up-regulation. FAC also results in
decreased phosphorylation of SMAD3 C-terminal residues (Ser-423/425) at
the SSVS motif (orange down arrow). Through SMAD3, FAC increases CEBPD
mRNA and C/EBP-6 protein levels possibly by inducing CEBPD expression and
relieving SMAD3-mediated inhibition at baseline (orange X over blue inhibi-
tory line). The p-SMAD3 (Ser-213) complex remains extranuclear. In addition,
FAC promotes the nuclear accumulation of C/EBP-8 protein. C/EBP-8 likely
binds to the bZIP1 domain of the C3 promoter, inducing C3 expression. Once
translated into protein, C3 is secreted and cleaved into C3a and C3b. Concur-
rently, Factor D catalyzes the activation of Factor B to form Bb and the cleav-
age product Factor Ba. Factors C3b and Bb together form the alternative
pathway (AP) C3 convertase to amplify the activation of C3 by forming more
C3b and C3a. The iron-induced non-canonical TGF-B pathway (orange) may
cross-talk with the basal, canonical TGF-B pathway (blue; see “Discussion”),
which is initiated by the binding of TGF-g ligand to the TGF- receptor com-
plex (types | and Il) at the plasma membrane. Endogenous TGF-B binding
maintains the phosphorylation levels of SMAD3 at both Ser-213 and Ser-423/
425, ultimately acting as a negative regulator of basal C3 expression. Stimu-
latory arrows and inhibitory lines represent a functional link between the sub-
sequent entities, not necessarily a direct interaction.

SDS. In post-mortem human RPE/choroid tissues, the most
significant band detected by the same antibody against
p-SMAD3 (Ser-213) was higher than 52 kDa (~70 kDa; data not
shown). Taken together, these results suggest that the apparent
molecular masses of p-SMAD3 (Ser-213)-containing species
are context-dependent. The 150-kDa, p-SMAD3 (Ser-213)-
containing species remained in the non-nuclear compartment
after iron treatment. Phosphorylation at Ser-213 may affect the
interaction of SMAD3 with other signaling mediators, one of
which could be transcription factor C/EBP-6, to effect the
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nuclear accumulation of the latter. SMAD3 has been shown to
directly interact with C/EBP-6 in the context of adipocyte dif-
ferentiation (46), although the details of how p-SMAD3 (Ser-
213) in ARPE-19 cells may regulate this interaction remain
unknown.

C/EBP-6 acts as the major protein responsible for acute
phase C3 gene expression by binding to the bZIP1 domain in
the promoter sequence (34, 47, 48). The bZIP1 domain is
required for basal and cytokine-inducible C3 expression. Simi-
larly, we found this domain to be important for iron-induced
C3 transcription in ARPE-19 cells. Also, we showed that iron-
induced C3 up-regulation was accompanied by increased
CEBPD mRNA and C/EBP-& protein levels. SMAD3 activity
appears to mediate these increases because SIS3 blocked iron-
induced increases in CEBPD mRNA, and there was no signifi-
cant difference in nuclear C/EBP-6 levels between untreated
and iron-treated sh-SMAD3 cells. It should be noted that
C/EBP-6 protein levels were elevated in sh-SMAD3 cells com-
pared with the control cell lines, suggesting that SMAD3 inhib-
its basal C/EBP-8 expression. In other words, the observed
iron-induced increases in C/EBP-6 levels may result at least in
part from the relief of SMAD3 inhibition of basal C/EBP-§
expression. This mechanistic model is consistent with that of
vascular smooth muscle cells in an anti-inflammatory state, in
which TGF-B1-stimulated SMAD3 represses C/EBP-6 expres-
sion (60). In a further study of basal repression of CEBPD, neu-
tralization of endogenous TGE- 3 ligands in the absence of FAC
resulted in a modest up-regulation of CEBPD that was compa-
rable in magnitude with the iron-induced up-regulation of
CEBPD (Fig. 7, B and C). Thus, similar to the regulation of C3
mRNA levels, CEBPD mRNA levels are likely induced by iron
through a non-canonical TGF- 3 pathway and through the relief
of SMAD3-mediated basal inhibition.

In AMD pathogenesis, it is thought that overactivation of the
complement cascade, especially in the alternative pathway,
contributes to the chronic inflammatory state. Our findings
support the concept of a locally produced complement-medi-
ated disease process as iron insult of the RPE cell resulted not
only in increased C3 transcription but also in protein secretion
and activation. With more activated C3 in the RPE milieu, the
complement cascade is mobilized to initiate immune-mediated
inflammation. Within the cascade, formation of the alternative
pathway C3 convertase requires Factor B and generates by-
product Factor Ba so that more C3 can be activated (14, 61).
Although C3 activation and its downstream effects on RPE
pathology are complex, our findings of increased C3a and Fac-
tor Ba levels are still suggestive of C3 and alternative pathway
activation, respectively. Befitting this complexity, although
pharmacologic blockade of ERK1/2 or SMAD3 incompletely
suppressed iron-induced C3a formation, blockade of both tar-
gets provided no synergistic suppression (Fig. 9B). This sup-
ports our model of ERK1/2 and SMAD3 functioning in a single
iron-mediated pathway. The incomplete suppression of C3a by
the inhibitors singly or in combination points to the likely
involvement of other iron-induced factors or processes in C3
activation. Additionally, we provide strong evidence that excess
intra-RPE iron can lead to local complement dysregulation as
reflected by C3d accumulation in the individual RPE cells of an
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aceruloplasminemia patient and an animal model of RPE-spe-
cific iron overload. In AMD, localized complement production
and activation within the RPE layer may be more active in indi-
viduals with disease-associated complement gene polymor-
phisms. Since ERK1/2, SMAD3, C/EBP-§, and endogenous
TGE-B are now implicated in RPE iron-C3 dysregulation, these
signaling molecules may serve as useful therapeutic targets for
ameliorating RPE pathology in AMD.
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