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Iron Metabolism & its Disorders
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ABSTRACT

emochromatosis type 4 is one of the most common causes of pri-

mary iron overload, after HFE-related hemochromatosis. It is an

autosomal dominant disorder, primarily due to missense muta-
tions in SLC40A1. This gene encodes ferroportin 1 (FPN1), which is the
sole iron export protein reported in mammals. Not all heterozygous mis-
sense mutations in SLC40A1 are disease-causing. Due to phenocopies
and an increased demand for genetic testing, rare SLC40A1 variations are
fortuitously observed in patients with a secondary cause of hyperfer-
ritinemia. Structure/function analysis is the most effective way of estab-
lishing causality when clinical and segregation data are lacking. It can
also provide important insights into the mechanism of iron egress and
FPN1 regulation by hepcidin. The present study aimed to determine the
pathogenicity of the previously reported p.Arg178GIn variant. We pres-
ent the biological, clinical, histological and radiological findings of 22
patients from six independent families of French, Belgian or Iraqi decent.
Despite phenotypic variability, all patients with p.Arg178GlIn had elevat-
ed serum ferritin concentrations and normal to low transferrin saturation
levels. In vitro experiments demonstrated that the p.Argl78GIn mutant
reduces the ability of FPN1 to export iron without causing protein mis-
localization. Based on a comparative model of the 3D structure of
human FPN1 in an outward facing conformation, we argue that
p-Argl78 is part of an interaction network modulating the conformation-
al changes required for iron transport. We conclude that p.Argl178GIn
represents a new category of loss-of-function mutations and that the
study of “gating residues” is necessary in order to fully understand the
action mechanism of FPN1.
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Introduction

Hemochromatosis type 4 (OMIM #606069), also called
ferroportin disease, is an inborn error of iron metabolism
transmitted through autosomal dominant inheritance and
associated with mutations in the gene encoding the
solute-carrier family 40 member 1 (SLC40A1). Although
rare, hemochromatosis type 4 is observed in different eth-
nic groups and is considered to be the second most com-
mon cause of hereditary iron overload after HFE-related
hemochromatosis."”

SLC40A1, also known as ferroportin 1 (UniProt acces-
sion number QINP59), is the sole iron export-protein
reported in mammals. It is expressed in all types of cells
that handle major iron flow, including macrophages, duo-
denal enterocytes, hepatocytes and placenta syncytiotro-
phoblasts.® Expression of ferroportin 1 on the cell surface
is predominantly regulated by the liver-derived peptide
hepcidin, which induces internalization and degradation
of ferroportin 1 and thereby decreases the delivery of iron
to plasma.’ The hepcidin-ferroportin axis plays an impor-
tant role in the pathogenesis of inherited and acquired iron
metabolism disorders, including iron overload diseases
and iron-restricted anemia.’

Mutations that alter ferroportin 1 function are expected
to produce stronger effects in reticuloendothelial
macrophages than in enterocytes or hepatocytes. These
macrophages acquire most of their iron by recycling
senescent red blood cells and account for >80% of the
daily iron flux within the body.’In line with this expecta-
tion, and at variance with HFE-related hemochromatosis,
patients with loss-of-function mutations usually present
with mesenchymal or mixed iron overload (correspond-
ing to early iron deposition within Kupffer cells) and
markedly elevated serum ferritin levels, contrasting with
normal or low transferrin saturation values.”* Aggressive
phlebotomy regimens can be a problem in the early
stages of the disease, when patients often display border-
line anemia.”"

Although a majority of SLC40A1 mutations reported as
being causally linked to hemochromatosis type 4 are true
“pathogenic variants”," there may be some doubt in the
case of variants for which phenotypic, population, segre-
gation, functional and/or computational data are lacking
or not fully convincing. The problem is not specific to
hemochromatosis type 4, but includes all Mendelian dis-
orders associated with large allelic heterogeneity, and can
be mimicked by non-genetic conditions.”"® Assessing the
pathogenicity of 18 non-synonymous SLC40A1 variants
found in 44 suspected hemochromatosis 4 patients, we
previously demonstrated that eight very rare missense
mutations had no noticeable effects on ferroportin 1 func-
tion or interaction with hepcidin."* All these variants were
identified in single cases showing moderate serum ferritin
elevation and normal transferrin saturation, a biological
condition that is common in clinical practice and is largely
related to lifestyle and environmental factors.”

The present study provides strong evidence that the
SLC40A1 p.Argl78GIn missense mutation is recurrent in
the SLC40A1 gene of patients showing typical reticuloen-
dothelial iron overload. We further demonstrate that the
p-Argl78Gln ferroportin 1 mutant shows reduced ability
to export iron out of the cell. This is likely a direct conse-
quence of salt bridge disruption between Argl78 and
Asp473, thereby affecting the stable formation of the

intracellular gate present in the ferroportin 1 outward fac-
ing state. Such a molecular mechanism of pathogenesis
has never been reported in the context of hemochromato-

sis type 4.

Methods

Genetic studies

DNA was extracted from the peripheral blood of patients and
unaffected family members. The complete coding sequence of
SLC40A1 and intron/exon boundaries was investigated by Sanger
sequencing in the probands, while family members were only
assessed for exon 6 (containing codon p.Argl78). All probands
were negative for genotypes known to cause hemochromatosis
types 1-3 (in the HFE, HFE2, HAMP and TFR2 genes) and for
mutations in the FTL and BMP6 genes (hyperferritinemia cataract
syndrome: OMIM#600886; hyperferritinemia without iron over-
load and cataract: OMIM#134790; BMP6-related iron overload:
OMIM#112266). Polymerase chain reaction and sequencing con-
ditions are available upon request.

A total of 734 DNA samples from healthy subjects, exclusively
from north-western France (Brittany), were investigated to control
the frequency of the SLC40A1 p.Arg178Gln variant.

Informed consent for molecular studies was obtained from all
patients and family members, in accordance with the Declaration
of Helsinki; in line with French ethical guidelines, the Clinical
Research Ethics Committee of the University Hospital of Brest
approved the study on October 25, 2010.

Hepcidin measurement in human serums

Serum hepcidin concentrations were measured using liquid
chromatography coupled with tandem mass spectrometry (LC-
MS/MS), as previously described.'® The 95% reference interval
obtained for normal hepcidin (200 serum samples from healthy
subjects) ranged from 1.0 and 20.8 ng/mL (mean: 8.2 ng/mL).

Human-25 hepcidin synthesis and secretion by
T-Rex-293 cells

Human HAVP ¢cDNA was amplified with reverse-transcription
polymerase chain reaction (RT-PCR) from total ribonucleic acid
(RNA) isolated from human liver hepatocellular carcinoma HepG2
cells. The PCR product was cloned into the PCR2.1 vector using
the TA Cloning Kit (Thermo Fisher Scientific), subcloned into the
pcDNA4™4/TO tetracycline-regulated mammalian expression
vector (Thermo Fisher Scientific), and checked by sequencing.

T-Rex-293 cells (Thermo Fisher Scientific) were stably transfect-
ed with calcium phosphate, and colonies were selected in the
presence of 1.5 ug/ml blasticidin and 100 ug/ml zeocin for four
weeks. Tetracycline (Sigma, St. Louis, MO, USA) was used to
induce expression of the 84 hepcidin pre-propeptide amino acids
from 1.106 T-Rex-293 cells. After 48h the cell supernatant was col-
lected, filtered through a hydrophilic nylon membrane (pore size:
0.2 um), and measured for hepcidin-25 levels using a commercially
available competitive enzyme-linked immunosorbent assay kit
(ELISA; Peninsula Laboratories International, San Carlos, CA,
USA). The supernatant was stored at -20°C until used.

In vitro experiments
In vitro investigations were performed as previously described'*"
and are presented in detail in the Online Supplementary Data.

3D structure modeling and analysis
Models of the 3D structure of human ferroportin 1 were built
using Modeller v9.15,"® considering the sequence alignment

Ferroportin structure and function -
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Table 1. Biological and clinical data of index cases and their relatives.

FamilyCountry  Family Gender Age* SF TS HIC AST ALT GGT CRP RBC Hb Ht MCV Clinical Alcohol
relationships (vears) (ug/L) (%) (mol/g) (IU/L) (IU/L) (IU/L) (mg/L)(Tera/L) (g/dL) (%) (L) observations consumption**
1 Belgium Indexcase M 39 1873 33 157 45 Fatigue Moderate
Father M 61 1190 152 425
Daughter ~ F 11 322 12,6 Abstinent
Son M 7 552 12,9 Abstinent
2 France Indexcase M 55 1452 36 180 37 58 61 15 47 156 458 96,5 Digestive problems Abstinent
Son M 20 9716 27 & 54 9% 23 23 573 184 521 909 Obesity Abstinent
3 France Indexcase M 12 3 33 60 Abstinent
Brother M 6 382 Abstinent
Father M 35 1200
Grandmother F 72 284
Uncle M 45 487
First cousin  F 21 367
First cousin M 22 584 28
4 Belgium Index case M 54 1114 26
Daughter ~ F 29 263 21
Son M 25 613
Brother M 59 1164 28
Godson M 35 1354 36
Goddaughter F 32 3225
5 Irag Indexcase M 71 2306 29 250 38 30 43 6 144 97 Fatigue Abstinent
6 France Indexcase M 57 1386 43 25 1 22 3 B 154 453 91 Hepatomegaly ~ Moderate
Son M 21 1066 33

*Age at diagnosis. * *Moderate: up to 1 drink per day for women and up to 2 drinks per day for men.SF: serum ferritin (normal value =< 200 pg/L in females, < 300 in males); TS: transferrin sat-
uration (normal value < 45%); HIC: hepatic iron concentration (normal value < 36 umol/g); AST: aspartate aminotransferase (normal range: 5-50 IU/L); ALT: alanine aminotransferase (normal
range: 5-50 IU/L); GGT: gamma-glutamyl transferase (normal range: 5-55 IU/L); CRP: C-reactive protein; RBC: red blood cell (normal range: 4.0-5.7 x 10'/L); Hb: hemoglobin (normal range: 12.0-
18.0 g/dL); Ht: hematocrit (normal range: 37-52%); MCV: mean corpuscular volume (normal range: 80-95 fL).

reported by Taniguchi et al. in 2015" and, as templates, the exper-
imental 3D structures of Bdellovibrio bacteriovorus (Bb) iron trans-
porter Bd2019 in outward and inward facing conformations (pdb
5aym and 5ayo," respectively).

Statistical analysis
Data are presented as scatter dot plots and means. Comparisons
used a one-tailed Student’s r-test.

Results

Clinical data and segregation analysis

The SLC40A1 p.Argl78Gln (c.533G>A) variant was
identified in 22 patients from six independent families
(Figure 1). It co-segregated with hyperferritinemia
(defined as serum ferritin > 300 ug/L in males and > 200
ug/L in females) in all the tested patients, irrespective of
age at testing, and was absent in three non-affected mem-
bers of families 3 and 4.

Index cases comprised six males, aged 12-72 years at
diagnosis, who displayed significant hyperferritinemia
and non-elevated transferrin saturation (Table 1). Hepatic
Iron Concentration (HIC) was evaluated using the
Gandon’s magnetic resonance imaging (MRI) method” in
three patients with values between 60 (youngest case)
and 250 umol/g (oldest case) dry weight. Liver biopsy,
performed in the index case of family 1, confirmed iron

- haematologica | 2018; 103(11)

overload, with a predominance of iron deposition in
Kupffer cells (Figure 2). The patient showed no clinical
symptoms, except for persistent fatigue. The platelet
count (178x10°/L; normal range: 120-369x10°/L) was not
suggestive of a fibrotic liver disease. The patient started a
phlebotomy program. After 24 phlebotomies (450 mL
every three weeks), the hemoglobin level dropped to 13.6
g/dL, from 15.7 g/dL at diagnosis (normal range: 13.5 —
17.5).

In total, the cohort consisted of 17 males and five
females. Women had lower serum ferritin levels than men
(263-372 versus 487-2306 ug/L), while four children exhib-
ited increased iron store between the ages of six and 12.
Carrier testing in families identified 16 patients for whom
no clinical manifestations of iron overload were reported.

Serum hepcidin measurements were obtained before
therapeutic phlebotomy in two affected individuals of
family 3 (3.1L.5 and 3.111.4). They were above the reported
range in healthy individuals for the assay used (1.0-21
ng/mL; liquid chromatography coupled with tandem mass
spectrometry).” The proband’s grandmother (3.1.1) start-
ed therapeutic phlebotomy (1-2 venesections per year;
well tolerated) several years before family screening. She
showed moderately increased ferritin (280 pg/L) at the
time of serum hepcidin evaluation (41.6 ng/mlL). In con-
trast, normal serum hepcidin levels (8.2 ng/mlL) were
detected in the proband’s brother who was negative for
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Age (y): 61
I. SLC40A1
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Family 2

Age(y): 55
SLC40A1: p.R178Q/Wt
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p.Arg178GIn missense
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Figure 2. Liver histology of the index case of family 1 at diagnosis. Perls’ stain of liver biopsy shows significant amounts of stainable iron in Kupffer macrophages,

while mild iron overload is observed in hepatocytes.

the SLC40A1 p.Argl78GIn missense mutation and had
normal iron indices (3.1I1.1).

It is noteworthy that the index case of family 2 and his
son had two co-existing conditions of hyperferritinemia:
hemochromatosis type 4 and hepatic steatosis. Transient
Elastography-based Controlled Attenuation Parameter
(TE-CAP) measurements revealed grade 3 severe steatosis
in both family members (CAP scores: 396 and 363 dB/m,
respectively). The index case was a 55-year-old male with
36% transferrin saturation and a serum ferritin level of
1,452 ug/L at diagnosis. He presented with a waist circum-
ference of 104 cm, in a context of subnormal laboratory
metabolic and liver tests: uric acid (453 mol/L; normal
range: 240-420), total cholesterol (7 mmol/L; normal
range: 3.5-6.0), alanine aminotransferase (58 IU/L; normal
range: 5-50) and gamma-glutamyl transferase (61 1U/L;
normal range: 5-55). Blood pressure, aspartate aminotrans-
ferase, triglycerides, HDL cholesterol and fasting blood
glucose were within normal ranges. Abdominal magnetic
MRI showed significantly reduced liver signal intensity,
consistent with advanced iron overload (HIC: 180
pmol/g). The patient started venesection therapy when he
turned 60 years old, after being diagnosed with prostate
cancer and colon polyps. The phlebotomy program (500
mlL every two weeks for eight months, then monthly for
four months) was well tolerated. His son, who became
overweight during infancy (waist circumference at diag-
nosis: 105 c¢m; Body Mass Index: 31.7 kg/m’), presented

similar iron indices at the age of 20 years (transferrin satu-
ration: 27%; serum ferritin: 976 ug/L). MRI, however,
revealed a moderate increase in hepatic iron store (HIC: 85
umol/g).

Functional characterization of the ferroportin 1
p.Arg178GIn variant

The functional significance of the p.Argl78GIn variant
was determined by first investigating its subcellular local-
ization. Wild-type (WT) and mutant ferroportin 1-V5 con-
structs were expressed in HEK293T cells, and plasma
membrane localization of the V5-tagged proteins was
assayed by Western blot and densitometry. HLA-A was
used as the control and standard for normalization, being
a cell-surface protein with no known role in iron metabo-
lism. The p.Ala77Asp missense mutation, which signifi-
cantly damages ferroportin 1 structure and is known to
prevent cell-surface localization,””" was used as the nega-
tive control. The p.Arg178GIn mutant was properly local-
ized on the cell surface, comparable to the WT protein
(Figure 3A).

Next, the iron-exporting function of the ferroportin 1
p-Argl78GlIn variant was assessed using radioactively
labeled iron. HEK293T cells were grown in 20 ug/L
“Fe-transferrin for 24 hr, washed, transiently transfected,
and placed in a serum-free medium. The amount of *Fe
exported into the supernatant was measured after a period
of 36 hr using cells transfected with the commercial



pcDNAS3.1-V5-His vector as negative control (no FPN1).
As shown in Figure 3B, cells transfected with WT ferro-
portin 1-V5 displayed a 3-fold increase in iron release. The
p-Argl78GIn variant was not able to export iron *Fe in
amounts comparable with WT ferroportin 1, but was
more active than the p.Ala77Asp control; Student’s t-tests
highlighted significant differences between both variants
and WT ferroportin 1 (P<0.001 and 0.0001, respectively)
and between the two variants (P<0.0001).

To investigate whether the p.Argl78GIn missense
mutation could modify response to hepcidin, transiently
transfected HEK293T cells were cultured for 24 hr with
conditioned media derived from T-Rex-293 cells stably
transfected with full-length human HAMP cDNA.
Supernatant human-25 hepcidin concentration was deter-
mined using a competitive enzyme-linked immunosor-
bent assay. Two known ferroportin 1 mutants served as
positive controls: p.Asn144His, which shows partial
resistance to hepcidin inhibition,” and p.Cys326Tyr,
which abolishes hepcidin binding to ferroportin 1 and is
responsible for complete resistance.”® As expected, the
addition of hepcidin to cells expressing WT ferroportin 1
resulted in the disappearance of the iron exporter from the
plasma membrane. The Western blot pattern of the
p-Aspl78Gln variant, unlike the p.Cys326Tyr and
p-Asnl144His mutants, was similar to that of the WT pro-
tein (Figure 4).

Structural and functional investigation of the
intermolecular interaction between the N and C lobes
of human ferroportin 1 - 3D structure form |
(outward facing)

In order to understand the possible impact of the
p-Argl78GIn mutation, we modeled the 3D structure of
human ferroportin in both the outward and inward facing
conformations, based on the recent 3D structures of the
Bb iron transporter Bd2019, which shares 24% sequence
identity with human ferroportin 1.”

As illustrated in Figure 5, Arg178 forms an inter-lobe salt
bridge with Asp473 in the outward facing conformation
of human ferroportin 1. We hypothesized that this non-
covalent interaction between helix TM5 and helix TM8,
located respectively in the N and C lobes, might be impor-
tant in stabilizing the outward facing conformation of fer-
roportin 1, and that its disruption might cause a significant
reduction in iron egress.

To check this hypothesis, we replaced arginine 178 and
aspartic acid 473 with alanine, which is the smallest
amino acid after glycine and is neutral, being non-polar
and devoid of any strong hydrophobic character.
Moreover, it has the highest propensity of the 20 amino
acids for the a-helical state;** thus this modification was
likely to have limited impact on local structure. As shown
in Figure 6, the Asp473Ala mutant did not cause obvious
mislocalization of the protein, which was, however, total-
ly inoperative for iron export. Indeed, cells expressing the
Asp473Ala mutant retained “Fe in amounts comparable to
cells expressing the two known p.Asn77Asp and
p-Vall62del loss-of-function mutations. The Argl78Ala
mutant reduced cell surface expression to half that of the
WT, but with less influence in iron export ability.

We then examined whether charge swapping could
restore the iron export function of ferroportin 1, and
whether Argl78GIn dysfunction could be corrected by a
p-Asp473Arg mutation. The p.Argl78Asp and

Exp. 1 Exp. 2 Exp. 3
FPN1_V5 ' ---—-.--
HLA-A_V5 . —— W ——— ——
—— Cell surface expression of ferroportin mutants (%) —
125
0.
WT A77D R178Q WT A77D R178Q WT A77D R178Q
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% 604 r !
g *hkk
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t
% 20+ Qeaeﬁ
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No FPN WT p.Ala77Asp p.Arg178Gin

Endpoint - 36 hours

Figure 3. The ferroportin p.Arg178GIn mutant shows normal cell surface
expression, but substantial loss of iron export. (A) HEK293T cells were tran-
siently co-transfected with plasmids encoding either a V5-tagged ferroportin pro-
tein (WT or variant) or a V5-tagged HLA-A protein. Human leukocyte antigen
(HLA)-A was used as control and standard for normalization, being a cell surface
protein with no known role in iron metabolism. At 24h after transfection, cell sur-
face proteins were selectively purified and analyzed by Western blotting using a
peroxidase conjugated mouse anti-V5 antibody. Densitometric scans of
SLC40A1 levels (normalized to HLA-A) are shown in the lower part of the figure.
The results of three independent experiments are presented. (B) HEK293T cells
were grown in 20 ug/mL **Fe-transferrin for 24h before being washed and tran-
siently transfected with WT or mutated SLC40A1-V5 expression plasmids. After
15h, cells were washed and then serum-starved. The **Fe exported into the
supernatant was collected at 36h. Data are presented as percentage of cellular
radioactivity at time zero. Each point represents the average value (from tripli-
cate) of five independent experiments. P values were calculated with the
Student’s t-test; **P<0.01 and ****P<0.0001. WT: wild-type.

p-Asp473Arg substitutions almost abolished cell surface
expression of the protein. Introducing the two
p-Argl78Asp and p.Asp473Arg missense mutations did
not rescue the membrane expression level decreased by
single mutations. The Argl78GIn/Asp473Arg double
mutant also resulted in a strong reduction in cell surface
expression (Online Supplementary Figure S1).

Taken together, these results suggested that the salt
bridge between arginine 178 and aspartic acid 473 is
essential for ferroportin 1 iron export function. Any subtle
changes in charge or size on the side chains may cause loss
of function.

Ferroportin structure and function -
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* Discussion that p.Argl78Gln substitution abolishes a salt bridge

between the N and C lobes of human ferroportin 1, leading

The p.Arg178GIn missense mutation is typical of the fer-  to a less stable outward facing state and, thus, to an altered
roportin 1 variants for which evidence remains inadequate  equilibrium between the different conformational states.

and clinical pathogenicity doubtful. Herein, we provide a The p.Arg178GIn missense mutation was first reported

comprehensive genotype-phenotype analysis, and argue ina70-year-old female with hyperferritinemia and normal

FPN1_V5
HLA-A_V5
—— Cell surface expression of ferroportin mutants (%) —
125
100+
757
507 Figure 4. The ferroportin p.Arg178GIn mutant is
not resistant to hepcidin. HEK293T cells were tran-
siently co-transfected with plasmids expressing
HLA(A)-V5 and either wild-type SLC40A1-V5 (WT) or
251 SLC40A1-V5 variants. At 16h post-transfection, the
cells were incubated in the presence or absence of
hepcidin for 3h. Plasma membrane proteins were
purified and analyzed by Western blotting and den-
0- sitometry. Data are expressed as the percentage of
ferroportin in cells not treated by hepcidin, accord-
Hepcidin - + - + - + - + ing to the formula 100 x (SLC40A1 - hepcidin /

SLC40A1 + hepcidin). Error bars are the standard
deviation of three independent experiments.

WT C326Y N144H R178Q

Figure 5. Ribbon representation of a human ferroportin-1 3D structure model in an outward facing conformation, with atomic representation of amino acids
involved in non-covalent bonds, likely leading to the stabilization of this conformation. The iron within the iron-binding site is represented as a red ball at the top of
the figure. This figure was drawn using Chimera.*®
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transferrin saturation,” and then observed with incom-
plete penetrance in members of an independent Greek
family. Serum ferritin was found to be markedly elevated
in the proband (a 25-year-old female), but only slightly in
her 53-year-old mother and within the normal range in her
87-year-old grandfather”*” We observed the p.Argl78GIn
missense mutation in 11 adult males with high serum fer-
ritin concentrations (>970 ug/L) and normal plasma iron
levels (transferrin saturation: 26-43%). Three adult
females from the larger pedigrees (3.111.4, 4.11.1 and 4.11.6)
displayed a mild phenotype, with serum ferritin concen-
trations ranging between 200 and 400 ug/L at diagnosis,
while two males presented an intermediate phenotype
(584 and 613 ug/L) in their third decade (3.111.6 and 4.11.3).
Liver biopsy was available for the index case of family 1,
and showed tissue iron overload, with iron deposits pri-
marily observed in non-parenchymal cells. The index case
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had two children who exhibited increased iron stores at
11 and seven years of age, respectively. Similar pheno-
pes were observed in two children from family 3 (3.1I1.2
and 3.111.3). None of the patients were reported to have
developed significant fibrosis or cirrhosis. Taken together,
these data indicate that the p.Arg178Gln substitution is
responsible for the classic form of ferroportin disease, or
hemochromatosis type 4A. The expressivity of the
SLC40A1 p.[Argl78GIn];[=] genotype is variable, with
milder phenotypes observed in women. High serum fer-
ritin levels can be observed in young patients, highlighting
the fact that tissue iron overload may appear early in life
and that, in contrast to HFE hemochromatosis, diagnosis
of ferroportin disease should not be restricted to adults.”
This recapitulates some previous observations on the rela-
tionship between ferroportin loss-of-function mutations
and mild to severe reticuloendothelial iron overload.>"?
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Figure 6. Effect of p.Arg178Ala and p.Asp473Ala ferroportin variants on cell surface expression and iron export. (A) HEK293T cells were transiently co-transfected
with plasmids encoding either a V5-tagged ferroportin protein (WT or variant) or a V5-tagged HLA-A protein. At 24h after transfection, cell surface proteins were selec-
tively purified and analyzed by Western blotting using peroxidase-conjugated mouse anti-V5 antibody. Densitometric scans of SLC40A1 levels (normalized to HLA-A)
are shown. The error bars represent the standard deviation of three independent experiments. (B) HEK293T cells were grown in 20 ug/mL **Fe-transferrin for 24h
before being washed and transiently transfected with WT or mutated SLC40A1-V5 expression plasmids. After 15h, cells were washed and then serum-starved for up
to 36h. *°Fe exported into the supernatant was collected at various time points. Data are presented as a percentage of cellular radioactivity at time zero. Each point
represents the mean standard deviation; n=3 in each group. The data are representative of three separate experiments. WT: wild-type.
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In contrast to all other types of hemochromatosis,
which are characterized by hepcidin deficiency, we found
increased serum hepcidin levels in three affected individu-
als from family 3. This recapitulates previous observations
in seven patients with the recurrent and well-character-
ized p.Vall62del loss-of-function ferroportin 1 muta-
tion.11,30,31

M. Speletas et al. and S. Cunat et al. failed to detect the
p.Arg178GIn missense mutation in the DNA of 253 bone
marrow donors from central Greece” and 50 French con-
trols.” The results presented herein of 730 DNA samples
from healthy subjects born in the western part of France
(Brittany) were identical. The variant was also absent in
GnomAD, which is an extension of the Exome
Aggregation Consortium (ExAC) database and includes
123,136 exome sequences and 15,496 whole-genome
sequences from unrelated individuals sequenced as part
of various disease-specific and population genetic stud-
ies. The p.Argl78GIn missense mutation can thus be
expected to be very rare; nevertheless, it has now been
associated with hyperferritinemia in 25 patients from
France, Belgium, Greece and Iraq. This provides another
indication of the pathogenicity of the SLC40A1
p-Arg178Gln allele, which is not restricted to European
populations.

We and others have previously shown that the
p-Arg88Gly, p.lle152Phe and p.Asnl74lle clinical muta-
tions are defective in terms of iron egress while being nor-
mally addressed to the cell surface."”*** In the present
study, we demonstrated that the p.Argl78GIn substitu-
tion follows an identical trend (Figure 3). This was not a
typical situation of loss of ferroportin 1 function, which is
usually associated with protein mislocalization."”" This
prompted us to look at the 3D structure of human ferro-
portin 1 and examine the molecular mechanism responsi-
ble for reduced iron export.

Ferroportin 1 is a member of the major facilitator super-
family (MFS),” which is the largest group of secondary
active membrane transporters, essential for the movement
of a wide range of substrates across biological
membranes.* In recent years, the number of experimental
3D structures has increased dramatically, leading to a bet-
ter appreciation of the conformational changes that are
needed for effective MFS-mediated transport.** All MFS
transporters share a common and characteristic core fold
that is organized in two similar domains (N and C lobes),
each consisting of six consecutive transmembrane seg-
ments (TM1-TM6 and TM7-TM12). They progress
through a conformational cycle that involves at least four
conformational states: inward open state, the ligand-
bound and ligand-free occluded states, and outward open
state.” These conformational changes are orchestrated by
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