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Abstract

Iron efflux in mammalian cells is mediated by the ferrous iron exporter ferroportin (Fpn); Fpn
plasma membrane localization and function are supported by a multicopper ferroxidase and/or the
soluble amyloid precursor protein (SAPP). Fpn and APP are ubiquitously expressed in all cell
types in the central nervous system including neurons. In contrast, neuronal ferroxidase(s)
expression has not been well characterized. Using primary cultures of hippocampal neurons, we
examined the molecular mechanism of neuronal Fe efflux in detail. Developmental increases of
Fpn, APP, and the ferroxidase hephaestin (Hp) were observed in hippocampal neurons. Iron efflux
in these neurons depended on the level of Fpn localized at the cell surface; as noted, Fpn stability
is supported by ferroxidase activity, an enzymatic activity that is required for Fe efflux. Iron
accumulation increases and iron efflux decreases in Hp knockout neurons. In contrast, suppression
of endogenous APP by RNAI knockdown does not affect surface Fpn stability or Fe efflux. These
data support the model that the neuronal ferroxidase Hp plays a unique role in support of Fpn-
mediated Fe efflux in primary hippocampal neurons. Our data also demonstrate that Hp
ferroxidase activity relies on copper bioavailability, which suggests neuronal iron homeostasis will
be modulated by cellular copper status.
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Introduction

Iron is an essential co-factor for enzymes involved in a variety of normal neuronal functions
(Altamura and Muckenthaler 2009). Insufficient iron impairs neuronal development
(Greminger et al. 2014; Matak et al. 2016; Breton et al. 2015), while brain iron accumulation
is associated with aging and neurodegeneration (Ghadery et al. 2015; Dexter et al. 1991).
Such neurological disorders include Alzheimer’s and Parkinson’s diseases (Smith et al.
1997; Dexter et al. 1987). To support normal neuronal function, iron homeostasis needs to
be tightly regulated.

Iron efflux plays an important role in maintaining neuronal iron homeostasis. This process is
mediated by the only known mammalian iron exporter ferroportin (Fpn) (Abboud and Haile
2000) and a ferroxidase such as ceruloplasmin (Cp), hephaestin (Hp), or zyklopen (Zp)
(Jeong and David 2003; Chen et al. 2004, 2010). Cp, Hp, and, perhaps, Zp stabilize Fpn on
the cell surface through a mechanism that likely relies on their physical interaction. This
interaction is indicated by the co-immunoprecipitation of Fpn and soluble Cp (sCp)
(McCarthy and Kosman 2014; Wong et al. 2014), glycosylphosphatidylinositol-anchored Cp
(GPI-Cp) (De Domenico et al. 2007; Jeong and David 2003), and Hp (Yeh et al. 2011) with
Fpn. The presence of ferroxidase activity also increases surface Fpn stability (De Domenico
et al. 2007; Jeong and David 2003) and promotes Fe efflux by catalyzing ferrous iron
oxidation. Multicopper ferroxidases use copper ions as cofactors to catalyze the four-
electron reduction of dioxygen to two H,0; this dioxygen reduction is supported by the
oxidation of four Fe2* ions to the ferric iron valence state.

The absence of ferroxidase or its activity affects iron efflux and causes iron accumulation in
neuroglia including astrocytes and oligodendrocytes (Jeong and David 2003, 2006; Schulz et
al. 2011). Cp knockout mice demonstrate age-related iron accumulation, which is mainly
observed in cerebellar astrocytes (Jeong and David 2006). Patients with aceruloplasminemia
exhibit a low level of functional Cp and brain iron accumulation, and also develop
progressive neurologic dysfunction (Melgari et al. 2015; Vroegindeweij et al. 2015).
Compared to Cp knockout mice, Hp mutant or knockout mice exhibit an earlier onset of
brain iron accumulation as well as motor deficits (Jiang et al. 2015; Schulz et al. 2011); iron
is accumulated in cortex, hippocampus, brain stem, and cerebellum in these mice (Jiang et
al. 2015). Although these genetically modified mice exhibit neurodegeneration, the neuronal
iron status has not been specifically addressed. Moreover, the molecular mechanisms of
neuronal iron efflux remain to be elucidated.

Neurons express Fpn (Wu et al. 2004; Moos and Rosengren Nielsen 2006; Boserup et al.
2011; Aguirre et al. 2005) and Fpn expression increases during brain development in the
postnatal rat brain (Moos and Rosengren Nielsen 2006). Membrane attached GPI-Cp is
predominantly expressed in astrocytes (Jeong and David 2003), while sCp is found in
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cerebrospinal fluid (Olivieri et al. 2011; Barbariga et al. 2015). Hp is broadly expressed in a
variety of brain cells, including microvascular endothelial cells, oligodendrocytes, and nigral
neurons (Schulz et al. 2011; Song et al. 2010b; McCarthy and Kosman 2013). The different

expression patterns for Hp and Cp suggest non-redundant roles in modulating iron efflux in

different neural cell populations.

B-Amyloid precursor protein (APP) is ubiquitously expressed in the brain (Apelt et al.
1997). A role for APP in neuronal iron efflux was first suggested by Bush and co-workers.
The underlying mechanism was attributed to a proposed ferroxidase activity of APP which
was hypothesized to support Fpn-mediated neuronal iron efflux (Duce et al. 2010).
Subsequent reports from other groups demonstrated that APP had no ferroxidase activity
(Honarmand Ebrahimi et al. 2013; McCarthy et al. 2014). However, direct interaction
between APP and Fpn at the cell surface was shown to promote surface Fpn stability and
thereby contributed to iron efflux in the presence of a ferroxidase (McCarthy et al. 2014;
Wong et al. 2014; Duce et al. 2010). Endogenous APP is coimmunoprecipitated with Fpn;
exogenous APP is associated with surface Fpn in cortical neurons (Duce et al. 2010). This
interaction is required for Fpn surface trafficking in a neuronal cell line (Wong et al. 2014).
As has been demonstrated in brain microvascular endothelial cells, SAPPa increased Fpn
stability when endogenous Hp was depleted; however, iron efflux was stimulated only when
Cp or the yeast ferroxidase homolog, Fet3p, was present (McCarthy et al. 2014). Therefore,
the role of APP in neuronal iron efflux needs to be re-evaluated if an endogenous ferroxidase
is expressed in neurons.

In this paper, we dissected the molecular mechanism of neuronal iron efflux using primary
hippocampal neurons as an in vitro model. We have shown that hippocampal neurons
express Hp. The surface Fpn and Hp abundance is developmentally regulated in a pattern
that correlates with Fe efflux from these neurons. In the absence of Hp, hippocampal
neurons accumulate more iron and have less iron efflux. In contrast, knockdown of the
expression of endogenous APP does not affect surface Fpn abundance nor iron efflux from
these cells. Neuronal ferroxidase activity is regulated by copper bioavailability which,
therefore, modulates surface Fpn stability and subsequent iron efflux. Thus, Hp is a key
ferroxidase that plays a direct role in Fpn-mediated Fe efflux in hippocampal neurons.

Timed pregnant female Sprague Dawley rats were purchased from Envigo (Indianapolis,
IN). The C57BL/6J wild-type female mice were obtained from Jackson Laboratory (Stock
No: 000664, Bar Harbor, ME), and HEPH full knockout male mouse on C57BL/6J
background was kindly provided by Professor Joshua Dunaief at the University of
Pennsylvania. The HEPH knockout and wild-type mice breeding pairs were generated and
maintained in the animal facility at University at Buffalo. All mice had access to an
unlimited standard rodent chow diet and water. All procedures were handled in accordance
with and approval by the Institutional Animal Care and Use Committee of the University at
Buffalo.
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Primary Hippocampal Neuronal Culture

Treatments

Primary rat hippocampal neurons were prepared from D18 or D19 Sprague Dawley rat
embryos as previous described (Ji and Kosman 2015). Primary mouse hippocampal neurons
were prepared from DO postnatal mouse pups as previously described (Beaudoin et al.
2012). Neurons were plated at a density of 1.5 x 10° cells on poly-p-lysine-coated cover-
slips for immunofluorescence studies, a moderate density of 2 x 10° cells/well in coated 12-
well plates for >9Fe-efflux assays, or a high density of 2-3 x 106 cells in 6-cm coated dishes
for biotinylation, protein, and oxidase activity assays. Coated culture dishes were obtained
from Corning (Corning, NY). Cells were maintained in Neurobasal media supplemented
with B27 and L-glutamine (Gibco/Thermo Fisher Scientific, Grand Island, NY). On day 3
post-plating, AraC (Sigma-Aldrich, St. Louis, MO) was added to inhibit the proliferation of
glial cells. The concentrations of these two additions were as follows: for mouse neurons, 5
UM for each; for rat neurons, 0.5 pM and 2 pM, respectively. Thereafter, one-third of the
medium was replaced every 4 days. Using this method, both rat and mouse hippocampal
neurons were grown in culture for up to 21 days during which time they exhibited extensive
outgrowth of branching processes; no difference in this growth pattern was observed
between wild-type rat and Hp KO mouse neurons, nor was any change in this cell
morphology visualized during the iron loading and efflux time course. Nearly pure primary
neuronal cultures were used in these experiments (~ 98% pure) as indicated by the
immunostaining of MAP2 as a neuronal marker in comparison to the lack of detectable
GFAP staining as a glial marker (Ji and Kosman 2015). Neurons were used between D11
and D20 post-plating as indicated.

Copper depletion was achieved by treating hippocampal neurons with 1 pM ammonium
tetrathiomolybdate (TTM) (Sigma-Aldrich, St. Louis, MO) and 200 uM bathocuproine
disulfonate (BCS) (Sigma-Aldrich, St. Louis, MO) together for 48 h at 37 °C. Equal volume
of double-distilled water was added in control treatments.

Genomic DNA Isolation and PCR

Genomic DNA was isolated from mouse neurons growing for 12 days in culture using
Omega E.Z.N.A.® Tissue DNA Kit (Omega Bio-Tek, Norcross, GA) as per the
manufacturer’s instructions. Genotyping PCR followed the protocol described in (Wolkow et
al. 2012). For detecting the wild-type allele, the primers used were forward, 5’-
CTTTGGACCACACATGCAAC-3" and reverse, 5'-AAAACCCAGCTCCTCCATTT-3".
The annealing temperature was 52 °C. The expected size for the wild-type allele was 564 bp.
For detecting the HEPH knockout allele, the primers used were forward, 5 -
GACAAGAGCTCTAGGAGAGATGCCA-3” and reverse, 5'-
CCAAGCATTCAGTAGACCTAGGAAGGA-3’. The annealing temperature was 58.5 °C.
The expected band size for the HEPH knockout allele was 363 bp.

RT-PCR and Quantitative RT-PCR

Total RNA was prepared by lysing neurons in TRIzol reagent (Thermo Fisher Scientific,
Waltham, MA), followed by RNA extraction and clean-up using the Directzol RNA
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MiniPrep kit (Zymo Research, Irvine, CA) following the manufacturer’s protocol. One-step
RT-PCR was performed using the QIAGEN®One-Step RT-PCR Kit (Qiagen, Hilden,
Germany) and analyzed on 2% agarose gels. Primers using for detecting mRNA of each
protein were as follows: Fpn, forward, 5'-CAGGGACTGAGTGGTTCCAT-3’, reverse, 5'-
GGAGATTATGGGGACGGATT-3'; Hp, forward, 5" -GGATGCATGCAATCAATGG-3’,
reverse, 5'-CATCTTGAAAGGCTTCATATCG-3"; GPI-Cp, forward, 5’-
GTATGTGATGGCTATGGGCAATGA-3’, reverse, 5'-
CCTGGATGGAACTGGTGATGGA-3"; and sCp, forward, 5’-
TCCACTGCCATGTGACTGAC-3’, reverse, 5'-TCGGCATTACCAATTCCCTCA-3".
Quantitative RT-PCR was performed following a two-step protocol. First-strand cDNA was
synthesized from 0.5 pg total RNA by using the iScript™ cDNA synthesis kit (Bio-Rad
Laboratories, Hercules, CA). Real-time PCRs were performed using SsoAdvanced™
universal supermixes (Bio-Rad Laboratories, Hercules, CA) on a CFX96 Touch™ Real-
Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA). Primers recognizing
HEPH exon 4, the region targeted for deletion, were used as described (Wolkow et al. 2012).
Primers used for TfR1 were forward, 5'-GAATAAATTCCCCGTTGTTGA-3’, reverse, 5'-
ATCACCAGTTCCTAGATGAGCAT-3’. Relative expression of target mMRNA was
normalized to B-actin as a housekeeping control and calculated as AACy

Surface Protein Biotinylation

Neurons growing in high density were cooled on ice for 5 min and washed twice with ice-
cold PBS containing 1 mM CaCl, and 0.5 mM MgCl, (PBS/Ca/Mg). The cultures were
treated with EZ-Link Sulfo-NHS-SS-biotin (1 mg/ml, Thermo Fisher Scientific, Waltham,
MA) for 30 min at 4 °C. Biotinylation was stopped by washing cells with 0.1% BSA in
PBS/Ca/Mg twice followed by two additional washes with PBS/Ca/Mg alone. Cells were
scraped into ice-cold RIPA buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.5% Na-deoxycholate, 0.5% SDS, pH 7.4) containing a cocktail of broad-spectrum
protease inhibitors (Thermo Fisher Scientific, Waltham, MA). Cell lysates were incubated
on ice for 15 min, then clarified by centrifugation at 13,000x g for 10 min. Supernatant
protein concentration was measured by BCA assay (Thermo Fisher Scientific, Waltham,
MA). Lysates (300 ug total protein) were incubated with 200 ul NeutrAvidin agarose
(Thermo Fisher Scientific, Waltham, MA) at 4 °C overnight. Intracellular protein was
separated as the unbound fraction. After thoroughly washing the column, the bound, surface
protein fraction was recovered from the agarose by 30 min incubation at 50 °C in SDS-
loading buffer containing DTT (Thermo Fisher Scientific, Waltham, MA).

Western Blots

Total protein (20-30 pg) was resolved in 4-15% Tris-Glycine SDS-polyacrylamide gel (Bio-
Rad Laboratories, Hercules, CA), and then transferred to a nitrocellulose or PVDF
membrane. Membranes were blocked by TBST (Tris-buffered saline with 0.1% Tween-20)
containing 5% BSA at 22 °C for 1 h. Primary antibodies were diluted in 1% BSA-TBST as
follows: 1:10,000 for rabbit anti-Fpn (Abcam, ab85370) and mouse anti-APP (Millipore,
22C11); 1:5000 for mouse anti-Hp (Abcam, ab56729), rabbit anti-p-actin (Cell Signaling,
13E5), and goat anti-Na—K-ATPase (Santa Cruz Biotechnology, C16), then incubated with
membranes at 4 °C overnight. After wash, membranes were incubated for 1 h at 22 °C with
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the cognate HRP-conjugated secondary goat anti-mouse, goat anti-rabbit, or donkey anti-
goat antibody diluted in TBST containing 3% BSA (Santa Cruz Biotechnology). The
immunoblot was developed using SuperSignal West Dura Extended Duration Substrate
(Thermo Scientific, Waltham, MA) and band intensity was quantified in Image Studio Lite
(Licor Biosciences, Lincoln, NE).

59Fe Accumulation and Efflux

59FeCl3 (1 UM, Perkin Elmer, Waltham, MA) complexed with 4 uM NTA was incubated
with neurons in complete Neurobasal medium for 16 h at 37 °C. After 59Fe loading, cells
were washed thoroughly with DMEM medium containing 20 mM HEPES (pH 7.4) and 1
mM citrate. A set of neurons, counted as “#= 0" or total-accumulated >°Fe, were lysed; fresh
efflux medium (DMEM medium containing 20 mM HEPES) was added to another set of
neurons, which were then incubated at 37 °C. An aliquot of medium was removed from
these cultures every 2 h over a 6-h efflux period. %9Fe efflux was terminated by washing
cells twice with an ice-cold EDTA-containing quench buffer. These #= 6 h cells were lysed.
Both medium- and cell-associated 59Fe were quantified using an LKB Wallac
CompuGamma instrument. The quantity of %°Fe was normalized to total protein in each
sample as determined by BCA assay.

In-gel p-phenylenediamine (pPD) Oxidase Assay

An in-gel p-phenylenediamine (pPD) assay was performed under non-denaturing and non-
reducing conditions as described (Chen et al. 2010, 2006, 2004). Briefly, neurons were lysed
in PBS containing 1% Triton X-100 (PBST, pH 7.4) and a protease inhibitor cocktail
(Thermo Fisher Scientific, Waltham, MA). The protein sample (80-100 ug) was mixed with
native sample buffer lacking DTT and electrophoretically resolved in a 4-12% Tris-Glycine
native-PAGE gel (Thermo Fisher Scientific, Grand Island, NY) without prior heating. The
gels were incubated for 2 hin a 0.1% pPD in 0.1 mol/L acetate buffer (pH 5.45). Amine
oxidase activity was indicated by accumulation of a purple chromogen as gels were air-dried
in the dark. Color development was monitored by scanning and quantified in Image Studio
Lite (Licor Biosciences, Lincoln, Nebraska). The experimental protocols were repeated three
times as were the gel assays for each biologic replicate (technical replicates). A
representative chromogram is shown.

Lentiviral-mediated Short-hairpin RNA (shRNA) Knockdown

A lentiviral system was used to deliver short-hairpin RNA (shRNA) into hippocampal
neurons as previous described (Ji and Kosman 2015). A validated APP targeting sequence
used previously in sSiRNA APP knockdown (Young-Pearse et al. 2007) was adapted for
cloning into the pLKO.3G lentiviral vector (Addgene). Lentivirus particles were produced in
HEK?293T/17 cells. Particle-containing medium was concentrated by ultracentrifugation and
re-suspended in fresh Neurobasal medium. Primary rat hippocampal neurons were infected
at day 2 post-plating at an MOI of 20 in a halfvolume of culture medium. After 24 h, the
virus-containing medium was removed and fresh full Neurobasal medium supplemented
with half-conditioned medium containing 2 uM AraC was added back. Neurons were
maintained until day 14 post-plating. The efficiency of APP protein knockdown was
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confirmed by western blotting, followed by surface biotinylation or 59Fe assays as described
above.

Statistical Analysis

Results

Data are presented as mean + SD. Technical replicates, referred to “s=,” and experimental
(biologic) replicates are given in each figure. Statistical analyses were performed using
GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). Statistical significance was
tested by either unpaired t-test, or one-way ANOVA followed by Bonferroni pair-wise
comparison post hoctest, or two-way ANOVA with Sidak’s multiple comparisons test, as
noted.

Developmental Changes in Expression of Fe-efflux Proteins and 5°Fe Efflux in Primary
Hippocampal Neurons

Primary hippocampal neurons were used as an in vitro cell model which allows us to
perform kinetic analysis of neuronal iron efflux. First, we examined the expression of
proteins associated with iron efflux in these neurons. Fpn and Hp transcripts were both
detected (Fig. 1a). The expression of Fpn and Hp at the protein level was also observed (Fig.
1b). Although GPI-linked Cp and sCp were found at the mRNA level, neither was detectable
at the protein level in the hippocampal neuronal lysate or conditioned medium (Fig. s1).
Consistent with previous reports, APP protein was detected in lysates (Fig. 1b). The
expression patterns of Fpn, APP, and Hp in developing neuronal culture were also
investigated. Fpn expression was observed throughout neuronal development with no
significant change from DIV11 to DIV20 (Fig. 1b). APP expression increased in this time
period; both immature and mature forms exhibited a change (Fig. 1b). The protein pattern
illustrated in this western blot represents the different glycosylated APP species found in
neurons (Lei et al. 2012). A higher molecular weight Hp species increased in abundance
while the lower molecular weight form did not (Fig. 1b). The higher molecular bands
represent N-glycosylated Hp (Fig. s2).

The abundance of Fe-efflux proteins on the plasma membrane controls the level of Fe efflux.
Thus, the presence of these proteins localized on the cell surface was assessed in the
developing neurons. The surface Fpn moderately increased from DIV11 to DIV15, and
remained constant up to DIV20 (Fig. 1b, c). Similarly, the surface APP increased from
DIV11 to DIV20; notably, only the mature APP form was detected on the neuronal cell
surface as expected (Fig. 1b, ). Interestingly, a dramatic increase of surface Hp was
observed from DIV11 to DIV20 (Fig. 1b, c). The presence of Fe-efflux proteins at the cell
surface constitutes the molecular basis for Fe efflux in primary hippocampal neurons. These
increases of surface Fpn, Hp, and APP would support a more robust Fe efflux in mature
neurons in comparison to immature ones.

To test this hypothesis, neurons of increasing maturity were loaded with 1 pM 3%Fe and then
assayed for 59Fe efflux. More 59Fe was observed in the medium of D20 neurons in
comparison to those in culture for 15 and 11 days, respectively (Fig. 2a). Linear regression
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analysis of the Fe efflux provided velocities of Fe efflux, which were then replotted versus
the days in culture (development). These data showed that Fe efflux increased from DIV11
to DIV20 (Fig. 2b) a pattern that correlated with the increase of surface Fpn, Hp, and APP.

APP does not Contribute to Fe efflux in Primary Hippocampal Neurons

The role of endogenous APP in stabilizing surface Fpn and Fe efflux was examined in these
neurons. To do so, endogenous APP was suppressed by shRNA delivered v7a lentivirus (Fig.
3a, b). A significant knockdown of APP in primary hippocampal neurons was observed.
However, surface Fpn did not change significantly in the absence of surface APP (Fig. 3c).
In addition, surface Hp appeared to increase slightly in the absence of APP, and decrease in
the presence of SAPP added exogenously (Fig. 3c). The quantification of surface Fpn, APP,
and Hp is summarized in Fig. 3d. Neurons did not accumulate more 5%Fe in the absence of
endogenous APP as would be expected if iron efflux were, in part, dependent on expression
of this protein; also, the level of cell-associated ?Fe was not changed by addition of
exogenous SAPP (Fig. 4a). Last, knockdown of APP had no effect on 59Fe efflux (Fig. 4b).
In summary, the data indicate that endogenous APP is dispensable with respect to
maintenance of surface Fpn and Fe efflux in hippocampal neurons.

Neuronal Ferroxidase Hp is Required for ®%Fe Efflux in Primary Hippocampal Neurons

Ferroxidases play dual roles in iron efflux: they stabilize surface Fpn while catalyzing Fe
oxidation to facilitate the Fe efflux from Fpn (De Domenico et al. 2007). Endogenously
expressed Hp is a likely candidate that supports the ferroxidase activity in these neurons. To
test this hypothesis, primary hippocampal neurons isolated from wild-type or Hp knockout
mice were prepared and genotyped (Fig. 5a). In AHp knockout mice, deletion of Hpexon4,
which encodes the trinuclear copper cluster required for ferroxidase activity, introduces an
early stop codon and causes the remaining coding sequence to be out of frame (Wolkow et
al. 2012). Quantitative RT-PCR was performed to confirm the absence of exon 4 region in
Hp transcripts isolated from Hp knockout neurons (Fig. 5b). The absence of full-length Hp
expression was also demonstrated by a western blot (Fig. 5¢). Genetic disruption of Hp
alters cellular ferroxidase activity (Chen et al. 2004). As demonstrated in the in-gel o
phenylenediamine oxidase activity assay, wild-type neuronal lysates exhibited robust
oxidase activity, whereas this activity decreased in Hp knockout neuronal lysates; sCp and a
Caco-2 lysate were used as positive controls (Fig. 5d). Hp knockout neurons had a decreased
abundance of transferrin receptor (TfR) transcripts (Fig.s3). However, more %9Fe was
accumulated in Hp knockout neurons compared to the wild-type neurons (Fig. 5e). The
presence of exogenous ferroxidase sCp partially decreased 5°Fe accumulation in Hp
knockout neurons (Fig. 5e). These observations suggested the increase of >°Fe retention is
attributable to a decreased ability of Fe efflux rather than an increase of Fe uptake in Hp
knockout neurons. We further tested this prediction in a >°Fe-efflux assay. There was a
decrease in the loss of cellassociated ®?Fe in Hp knockout neurons compared to wild type
(Fig. 5f), in support of the premise that Hp contributes to neuronal iron efflux.

We further investigated the functional role of Hp as a ferroxidase in neuronal Fe efflux. As
has been well-documented, cell multicopper ferroxidase activity is inhibited by Cu chelators,
e.g., ammonium tetrathiomolybdate (TTM) and bathocuproine disulfonate (BCS) (Chen et
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al. 2006; McCarthy and Kosman 2013; Chidambaram et al. 1984). We observed a reduction
of oxidase activity in primary neuronal cultures treated with TTM/BCS for 48 h, an
inhibition that persisted for up to 90 h (Fig. 6a, b). To test if this suppression of neuronal
oxidase activity affected Fe efflux in these cells, we first examined surface protein
expression in the absence or presence of Cu chelation. Surface Fpn significantly decreased
in the neurons treated with TTM/BCS for 48 h in comparison to control cells (Fig. 6c, d);
surprisingly, surface Hp did not change, nor did surface APP (Fig. 6¢, d). However, this Cu
chelation and resulting decrease in surface Fpn correlated with significant >°Fe accumulation
(Fig. 7a) and impaired 29Fe efflux (Fig. 7d). More 59Fe was associated with cell pellets and
less 99Fe was present in the medium in the TTM/BCS-treated cultures (Fig. 7c). To further
confirm, ferroxidase activity is required for Fe efflux in primary hippocampal neurons, sCp
was added back to the neuronal culture treated with TTM/BCS. In the presence of this
exogenous sCp, the Cu-limited neuronal cultures did not accumulate the excess >°Fe seen in
these cells in the absence of this added sCp (Fig. 7d). In summary, these data support the
conclusion that in hippocampal neurons ferroxidase activity supported by endogenous Hp
has a direct impact on Fpn membrane localization and on the subsequent iron efflux through
this ferrous iron transporter. Copper availability in these neurons affects Hp ferroxidase
activity and consequentially modulates iron efflux in these cells.

Discussion

Iron efflux depends on the presence of the iron exporter, Fpn, and its partner ferroxidase(s)
(Jeong and David 2003; McCarthy and Kosman 2013). Loss of ferroxidase protein and
activity leads to iron accumulation in neural tissues (Jeong and David 2006; Jiang et al.
2015; Chen et al. 2004; Schulz et al. 2011). In this report, we used primary neurons isolated
from the mouse and rat hippocampus to identify the neuronal ferroxidase Hp and investigate
its role in Fpn supported iron efflux. Our data demonstrate that in the absence of Hp or its
ferroxidase activity, Fpn-mediated Fe efflux in these neurons is markedly reduced which
leads to an increase in intracellular iron level. A reduction in TR transcript abundance in Hp
knockout neurons may represent a secondary response to the elevated intracellular level via
the canonical IRP/IRE regulatory mechanism.

The expression pattern of iron efflux-related proteins in primary hippocampal neurons is
consistent with previous observations. First, Fpn mRNA and protein in nearly pure primary
hippocampal neurons were observed, which confirms that Fe efflux from primary
hippocampal neurons depends on this unique mammalian iron exporter (Wu et al. 2004;
Moos and Rosengren Nielsen 2006). Hp expression has been reported in nigral neurons
(Song et al. 2010a), and its down-regulation is implicated in iron accumulation in
Parkinson’s disease models (Wang et al. 2007). In addition to these observations, Hp
expression in hippocampal neurons suggests the possible involvement of this ferroxidase in
iron efflux in these neurons. Although GPI-Cp and sCp transcripts were detected, these
species could not be detected at the protein level. One possible source of the Cp mMRNA
indicated by our data is a residual glial cell population (~1%); also, the abundance of Cp
protein expressed could be below the detection limit in the western blots. APP protein, as
expected, was expressed in our cultured neurons.
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Developmental increases of iron efflux-related proteins have been reported in several /in vivo
studies. Fpn immunoreactivity has been observed in neurons at all developmental stages
with the highest level found at postnatal day 21, particularly in axons and white matter tracts
(Moos and Rosengren Nielsen 2006). An increase of Hp expression has been observed in rat
brains from postnatal week 1 to week 28 (Qian et al. 2007). APP transcripts are present in
rat brains throughout development (Apelt et al. 1997). By collecting lysates from neurons at
different stages of development /n vitro, we were able to recapitulate the developmental
patterns noted for Fpn, Hp, and APP during the neuronal maturation process /n vivo.
Cultures at D11, D15, and D20, time points that are equivalent to postnatal days 8, 12, and
17, were chosen for this study. During this time period, neuronal dendritic processes branch
out, which is concurrent with synaptogenesis (Baj et al. 2014). Neurons are considered
mature after D14 in vitro (Baj et al. 2014). From D11 to D20 in these neurons, changes in
the total amount of Fpn, APP, or Hp are not prominent; however, the abundances of surface
Fpn, APP, and especially Hp significantly increase. More surface-localized Fpn supports
robust increase of iron efflux in these more mature neurons, as measured by our assays. This
is the advantage of using an /n vitro culture, which allows for the quantification of neuronal
iron efflux as a function of the expression of the proteins and their activities that support this
iron trafficking.

APP and Hp interact with Fpn on the cell surface (McCarthy et al. 2014; Wong et al. 2014;
Duce et al. 2010). In addition to this interaction, Hp possesses ferroxidase activity, which is
also important in support of the surface Fpn stability (Chen et al. 2004). Previous studies
have indicated that iron is accumulated in APP knockout neurons, a phenotype that was
attributed to less iron efflux in these neurons compared to the controls (Duce et al. 2010).
Similar observations have been made in APP-silenced HEK (Duce et al. 2010) and
neuroblastoma SH-SY5Y cells (Wan et al. 2012). Reasonably, these several authors
concluded that the decreased iron efflux reflected a reduction of plasma membrane Fpn
abundance in the absence of APP although no direct evidence for a role for APP in iron
efflux was provided in these studies. In contrast, we explicitly assessed the expression
patterns of surface Fpn in APP RNAi-knockdown neurons. Significantly, even though APP
expression was reduced by 80%, there was no change in the abundance of surface-localized
Fpn. In addition, an increase of surface Hp was observed when APP was significantly
reduced. Given that the surface expression of Fpn and Hp was not significantly altered by
the absence of APP, it was not surprising that neither iron retention nor iron efflux was
affected. Note that maturing primary hippocampal neurons (D15) were used in our assays,
which differs from the previous studies using either immortalized neuronal cell lines (Duce
et al. 2010; Wan et al. 2012) or immature primary neurons (D7) (Duce et al. 2010). In our
study, we have shown that Hp expression is abundant in D15 neurons and that a significant
amount of Hp is localized at the cell surface. Overall, our results indicate that APP is
dispensable with respect to Fpn-mediated iron efflux in mature hippocampal neurons. In this
context, iron accumulation in aged APP knockout animals (Needham et al. 2014) might
result from some unknown function of APP which is associated with neuronal iron
homeostasis, but not recapitulated in a D15 in vitro neuronal culture. Another possibility
may attribute this difference to a species-specific difference in APP function, e.g., APP
expressed in rat primary hippocampal neurons used in this study may vary from those in
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mouse neurons. Despite the fact that the neuronal-specific isoform of APP protein found in
rat and mouse share 99.7% identity in sequence, we acknowledge that species-specific
differences may exist. On the other hand, the sequence of the APP motif that is associated
with the stabilization of Fpn in the plasma membrane, a 22-amino acid sequence identified
as the ferroportin targeting peptide, is 100% conserved in all archived mammalian genomes
(McCarthy et al. 2014).

Hp mediates electron transfer from four molecules of ferrous iron to one dioxygen
(Vashchenko and Macgillivray 2012). Hp and other multicopper oxidases (MCO), e.g., Cp,
are also able to mediate oxidation of organic substrates, such as p-phenylenediamine and o
dianisidine (Vashchenko et al. 2011). Hp activity in cell lysates can be measured by the in-
gel p-phenylenediamine assay. Previous in vitro (Nittis and Gitlin 2004; Chen et al. 2006;
De Domenico et al. 2007; Chen et al. 2010; McCarthy and Kosman 2013) and in vivo
studies (Chen et al. 2006; Broderius et al. 2010) have demonstrated that Cu restriction,
typically established by treatment with a Cu-chelator, decreases the level of Hp, Cp, and/or
Zp, and thus a reduction of cell (ferro)oxidase activity. Other studies have shown that a
decrease in intracellular copper concentration or bioavailability does not affect Cp or Hp
protein synthesis (Gitlin et al. 1992; Broderius et al. 2010; Mostad and Prohaska 2011), but
dramatically enhanced the turnover rate of the mature but Cu-depleted protein (Nittis and
Gitlin 2004). In the absence of a ferroxidase, surface Fpn is unstable corresponding to a fast
rate of turnover (De Domenico et al. 2007; McCarthy and Kosman 2014, 2013; McCarthy et
al. 2014). Studies also indicate that the ferroxidase activity of an MCO is required for
surface Fpn stability (De Domenico et al. 2007; McCarthy and Kosman 2013). In the
primary hippocampal neurons employed in this work, copper depletion by TTM and BCS
lowered cell ferroxidase activity. BCS is a cell-impermeable copper chelator and thus
restricts extracellular copper uptake in neurons. TTM is cell permeable and thus can chelate
intracellular “labile” copper and form a stable complex with protein-bound copper. In these
studies, BCS and TTM treatment appeared to be synergistic with respect to lowering the
intracellular copper concentration and availability. Inhibition of ferroxidase activity by the
copper chelators TTM and BCS correlated with a decreased surface Fpn abundance; in
contrast, no change of the surface Hp or APP abundance was observed in these TTM/BCS-
treated neurons. This could reflect the possibility that TTM was bound to the endogenous
Hp and thereby influenced retrograde trafficking of Hp from the plasma membrane.
Nevertheless, the decrease of surface Fpn in the TTM/BCS-treated neurons correlated with
increased iron retention and decreased iron efflux, a result consistent with the importance of
surface Fpn in iron efflux. Moreover, the data suggest that inhibition of Hp ferroxidase
activity directly affects the rate of iron efflux; this inhibition appears to be relieved by sCp in
as much as this exogenously added ferroxidase-reduced iron accumulation in the TTM/BCS-
treated cultures.

Neuronal ferroxidase activity and iron efflux require functional Hp; this inference provides
another example of the link between copper and iron metabolism. Decreased copper along
with increased iron content has been observed in the substantia nigra of Parkinson’s disease
patients (Dexter et al. 1989; Riederer et al. 1989; Dexter et al. 1991). As a result, ferroxidase
activity in cerebrospinal fluid is reduced in Parkinson’s disease brains compared to healthy
controls (Ayton et al. 2013; Olivieri et al. 2011; Boll et al. 1999). In Alzheimer’s disease,
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intracellular copper deficiency as a result of extracellular amyloid B sequestration (Deibel et
al. 1996) contributes to a regional decrease of ferroxidase Cp in the brain (Connor et al.
1993). Our data indicate that intracellular copper status also may play an autonomous role in
modulating neuronal iron export through the Hp expressed by these neurons. The decrease in
ferroxidase activity may enhance iron accumulation and result in an increase in oxidative
stress in the affected cells (Prohaska 2011; Olivieri et al. 2011).

In conclusion, our results illuminate the molecular processes that support iron efflux in
primary hippocampal neurons. We have demonstrated the expression and activity of
neuronal Hp; the data indicate that Hp contributes to the stability of surface Fpn and to Fpn-
mediated iron efflux. In contrast, our results indicate that APP plays at best an auxiliary role
in support of neuronal iron efflux. Last, bioactive copper is required for neuronal Hp
function in support of iron efflux, illustrating in neurons the interrelationship between iron
and copper homeostasis.
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Fig. 1.

Ferroportin (Fpn), hephaestin (Hp), and amyloid precursor protein (APP) are expressed in
rat primary hippocampal neurons. a Transcripts of Fpn and Hp. Total RNA was isolated
from D11 primary hippocampal neurons, followed by one-step RT-PCR. The PCR product
from the Fpn transcript was 357 bp; the Hp product was 516 bp. b Western blots of Fpn,
APP, and Hp in rat hippocampal neurons cultured for 11, 15, or 20 days. Surface proteins
were biotinylated and separated from the intracellular fraction. Samples loaded were total or
intracellular protein (20 pg/per lane) and (per lane) the surface protein collected from 100 pg

total protein sample. Arrow heads indicate the expected relative mass of each
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indicate oligomer or post-translationally modified forms. ¢ Quantification of western blots,
based on two biologic replicates. Band intensities at D15 and D20 were normalized to D11.
Statistical significance was tested by one-way ANOVA with Bonferroni’s multiple
comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001
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Fig. 2.

ngelopmental changes of Fe efflux in rat primary hippocampal neurons. a >%Fe efflux in
primary hippocampal neurons grown for 11, 15, or 20 days. Neurons were incubated with 1
UM 9Fe-NTA for 16 h at 37 °C. The >°Fe-containing was removed and cells were washed
with efflux medium containing 1 mM citrate. >%Fe efflux at 37 °C was then monitored by the
appearance of radionuclide in the medium as a function of time. Six aliquots were quantified
at each time point; duplicate experiments were performed. b The °Fe-efflux rate as a
function of neuronal development. The efflux data from (a) were analyzed by linear
regression as represented by the connecting lines in (a). The R2 values were D11, 0.9849;
D15, 0.9866; and D20, 0.9691. The slopes of these fitted lines represent the velocity of >°Fe
efflux; in (b) these values are plotted as function of days in culture
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Endogenous APP plays a minor role in supporting surface Fpn localization in primary
hippocampal neurons. a Western blot of APP in shRNA knockdown cells. Primary rat
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hippocampal neurons were infected by lentivirus containing scramble or APP knockdown
ShRNA. Lysates were isolated at 12 days after viral transduction. Band intensities were
quantified as shown in (b); statistical significance was determined by unpaired t-test. **p <
0.01. c Surface Fpn, APP, and Hp abundance in APP knockdown neurons. Primary neurons
were treated as in (@), followed by surface biotinylation and western blotting. sAPPa. (14
nM) was added to APP knockdown cultures for 24 h. d Quantification of western blots in (c)
derived from triplicate biologic samples. Statistical significance was tested by unpaired t-
test. *p < 0.05; **p < 0.01; ns, no significant difference
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59Fe accumulation does not change in the absence or presence of APP in primary
hippocampal neurons. a ®?Fe accumulation. Primary rat hippocampal neurons treated by
either scramble or APP knockdown RNAI were incubated with 1 uM 59Fe-NTA for 16 h at
37 °C. One set of neurons with APP knockdown was loaded with 3°Fe in the presence of 14
nM human sAPPa.. Cell-associated >°Fe was quantified and normalized to the amount of
total protein. Six replicates were included in each condition; experiments were repeated four
times (biologic replicates). Statistical significance was tested by one-way ANOVA with
Bonferroni’s multiple comparisons test. ns, no significant difference. b 59Fe efflux in APP
knockdown neurons. Neuronal cultures with either scramble or APP RNAi knockdown were
loaded with 1 puM 59Fe-NTA for 16 h at 37 °C. Extracellular °Fe was removed, the cultures
were washed five times, and cells were then incubated in 5°Fe-free medium. The percentage
of 59Fe recovered in the medium over the initially accumulated 5°Fe was quantified as a
function of incubation time. Six replicates were included in each condition; experiments
were repeated four times. Statistical significance was tested by two-way ANOVA with
Sidak’s multiple comparisons test. ns, no significant difference
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9Fe efflux decreased in Hp knockout mouse hippocampal neurons. a Use of PCR to
genotype neurons isolated from wild-type (564 bp) or HEPH knockout (363 bp) mice. b
Quantitative RT-PCR for HEPH exon4 mRNA isolated from wild-type or HEPH knockout
mouse neurons. Statistical significance was tested by unpaired t-test. ***p < 0.001. c
Western blot of Hp in cultured hippocampal neurons isolated from wild-type or HEPH
knockout mice. Arrow heads indicate Hp at the expected apparent molecular mass. d in-gel
p-phenylenediamine (oPD) assay. Neuronal and Caco-2 lysates (80 g total protein) were
resolved in 4-12% native-PAGE. Human sCp (2 pg) was used as a positive control. The
purple oxidized product was visible in the gel for sCp and the wild-type neuronal and
Caco-2 lysates, and significantly reduced in the lysate prepared from HEPH knockout
neurons. d HEPH knockout neurons accumulated more 5°Fe compared to wild-type neurons.
Cells were loaded with 59Fe-NTA (1 uM) for 17 h in the absence or presence of 0.25 uM
sCp and cell-associated 59Fe was quantified. Six replicates were used in each condition with
data collected from duplicate biologic experiments. Statistical significance was tested by
two-way ANOVA with Holm-Sidak’s multiple comparisons test. *p < 0.05; ****p < 0.0001;
ns, no significant difference. e >%Fe efflux in HEPH knockout neurons was reduced
compared to wild-type neurons. Percent loss of total cell-associated >°Fe was used to
represent >%Fe efflux. Statistical significance was tested by unpaired t-test. *p < 0.05. WT,
wild-type mouse neurons; Hp KO, HEPH knockout mouse neurons
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Fig. 6.

Cu restriction decreased neuronal (ferro)oxidase activity and surface Fpn abundance. a pPD
oxidase activity decreased in neuronal lysates treated with ammonium tetrathiomolybdate
(TTM) and bathocuproine disulfonate (BCS). Primary hippocampal neurons were treated
with 0.1% H,0 or 1 uM TTM and 200 pM BCS for 48 h, 72 h, or 90 h. Total neuronal
lysates were isolated and resolved in 4-12% native-PAGE gels. b Quantification of relative
band intensity in (a) based on triplicate experiments. Statistical significance was tested by
unpaired t-test. *p < 0.05; **p < 0.01. c Surface Fpn, Hp, and APP abundance in primary
hippocampal neurons after Cu restriction. Neurons were treated with 0.1% H,0 or 1 uM
TTM/200 pM BCS for 48 h, then surface protein was biotinylated and processed for western
blots analysis. d Quantification of Fpn, Hp, and APP blots, based on triplicate experiments.
Statistical significance was tested by unpaired t-test. ***p < 0.001; ns, no significant
difference
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Cu restriction affects >°Fe accumulation and %°Fe efflux in primary hippocampal neurons. a
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59Fe accumulation in neurons after Cu restriction. Neurons were treated with 1 uM
TTM/200 pM BCS for 48 h. Control and TTM/BCS cultures were incubated with 1 uyM
59Fe-NTA for 24 h; TTM/BCS remained in the latter cultures. Cell-associated 59Fe was
quantified as described. Six replicates were used in each condition; experiments were

repeated three times. Statistical significance of difference was quantified by unpaired t-test.

**% < 0.001. b 59Fe efflux in neurons after Cu restriction. Neurons were treated with
TMM/BCS and loaded with 1 uM 59Fe-NTA as described in (a). After thorough washing,

9Fe efflux into fresh medium was monitored over time in the absence or presence of TTM/

BCS. The percentage of 5°Fe present in the medium relative to the total amount of ®9Fe in
the culture represented the fractional Fe efflux. Six replicates were included in each
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condition; experiments were repeated twice. Statistical significance was tested by two-way
ANOVA with Sidak’s multiple comparisons test. **p < 0.01; ****p < 0.0001; ns, no
significant difference. c %°Fe distribution after TTM/BCS treatment. Cell-associated >Fe
was quantified after >Fe efflux in (b). Total >Fe was taken from the combination of cell-
59Fe and medium-associated %°Fe. The amount of each fraction relative to the total >°Fe was
calculated for each condition. Statistical significance was tested by two-way ANOVA with
Bonferroni’s multiple comparisons test. *p < 0.05. ****p < 0.0001. d Exogenous
ferroxidase activity reduced 2°Fe retention in Cu-restricted neurons. Neurons were treated
without or with TTM/BCS for 48 h and then incubated with 1 uM %9Fe-NTA for 24 h in the
absence or presence of 0.25 pM human sCp. Cell-associated 3°Fe was quantified; the 59Fe-
accumulation in the TTM/BCS-treated cultures (—=/+sCp) is represented relative to the
untreated control. Three replicates were included in each condition; experiments were
repeated twice. Statistical significance was tested by two-way ANOVA with Bonferroni’s
multiple comparisons test. *p < 0.05; **p < 0.01; ns, no significant difference
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