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Abstract

Erythroferrone (ERFE) is the main erythroid regulator of hepcidin, the homeostatic hormone
controlling plasma iron levels and total body iron. When the release of erythropoietin from the
kidney stimulates the production of new red blood cells, it also increases the synthesis of ERFE in
bone marrow erythroblasts. Increased ERFE then suppresses hepcidin synthesis, thereby
mobilizing cellular iron stores for use in heme and hemoglobin synthesis. Recent mechanistic
studies have shown that ERFE suppresses hepcidin transcription by inhibiting bone morphogenetic
protein signaling in hepatocytes. In ineffective erythropoiesis, pathological overproduction of
ERFE by an expanded population of erythroblasts suppresses hepcidin and causes iron overload,
even in non-transfused patients. ERFE may be a useful biomarker of ineffective erythropoiesis and
an attractive target for treating its systemic effects.

Keywords
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1. Erythropoiesis and iron homeostasis—an overview

1.1 Iron homeostasis

Iron is an essential micronutrient for nearly all living organisms because of its important role
in catalyzing redox reactions and the transport and storage of oxygen. Many organisms with
circulatory systems use myoglobin to store oxygen reserves in skeletal muscle and
hemoglobin to deliver oxygen to all body tissues. In both myoglobin and hemoglobin,
oxygen binds to an iron atom at the center of heme groups. Total iron content in healthy
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human adults is 3-4 g, of which more than half is found in hemoglobin of erythrocytes.
Macrophages continuously recycle iron from old erythrocytes and other senescent cells,
returning it to a dynamic plasma iron pool. Conservation effectively limits iron losses to a
tiny fraction of the total content (~1 mg/day) in children, men, and post-menopausal women.
Pregnant, lactating, and menstruating women experience increased iron loss due to the iron
demands of these physiological processes. Non-heme iron is transported through plasma
bound to transferrin protein which constrains the propensity of iron to catalyze the
generation of reactive oxygen species. Once imported into cells through transferrin
receptors, iron is stored within ferritin. Most cellular iron stores are located in the liver and
spleen.

Tight regulation of iron flows ensures that iron is available to developing red blood cells
while avoiding the potential toxicity of excess extracellular iron, and limiting its availability
to infectious microorganisms. The body’s iron traffic is controlled by hepcidin, the sole
homeostatic hormone responsible for regulating both plasma iron levels and the total iron
content of the body. The 25 amino acid peptide is produced in the liver in proportion to
plasma iron concentrations and hepatic iron stores. When iron is abundant, high
concentrations of hepcidin bind the cellular iron exporter ferroportin, causing its occlusion,
internalization (Nemeth 2004), and degradation. Intestinal absorption of dietary iron and
iron release from cellular stores are thereby inhibited. When plasma iron is scarce, hepatic
hepcidin secretion is low which allows ferroportin to export iron to plasma, thereby
stimulating intestinal iron absorption and mobilization of cellular stores.

1.2 Erythropoiesis and its interaction with iron homeostasis

The intensely energy-consuming renal medulla effectively monitors oxygen delivery by
blood, determines its hemoglobin content, the amount of oxygen bound to hemoglobin, and
the dissociation of oxygen from hemoglobin. When oxygen delivery to this tissue does not
meet demand, interstitial fibroblasts sense hypoxia and begin producing and excreting
erythropoietin (EPO) whose synthesis is transcriptionally regulated by hypoxia-inducible
factor 2 (HIF-2). Erythroid precursors in the bone marrow respond to EPO signaling by cell
division and differentiation towards mature erythrocytes. Hemoglobin synthesis in the
developing erythrocytes requires iron-containing heme. Iron-deficiency inhibits the
production of heme and hemoglobin, as well as the production and maturation of
erythrocytes.

Erythropoiesis even at baseline consumes most of the iron flowing into the plasma
compartment. Stimulation of erythropoiesis, by blood loss, hypoxia, or injection of
exogenous erythropoietin strongly suppresses the production of hepatic hepcidin in mice and
humans, allowing more dietary iron and iron from stores to enter blood plasma for heme and
hemoglobin synthesis by developing erythrocytes in the marrow (Figure 1, A-B). Arguing
from clinical observations and experimental models, investigators in the last century
proposed that an erythroid regulator strongly influences iron homeostasis. After the
discovery of hepcidin as an iron-regulatory hormone, it became clear that the erythroid
regulator does not directly affect iron transport but rather acts by suppressing hepcidin.
Although erythropoietin itself was a reasonable candidate for a hepcidin suppressor, /in vitro
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studies showed that EPO does not directly suppress hepcidin in isolated liver cells
(Gammella et al. 2015) implying the existence of an intermediary EPO-responsive
suppressor of hepcidin.

2. The Erythroferrone Molecule

2.1 Discovery of Erythroferrone

Motivated by evidence that hepcidin expression is influenced by erythropoietic activity (Pak
et al. 2006; Vokurka et al. 2006), a search was performed for mMRNAs encoding secreted
proteins that were induced in mouse bone marrow within hours after blood loss (Kautz et al.
2014). A transcript identified at the time as Fam132band since renamed Erfe was induced
shortly before hepcidin suppression and sustained its high expression for 24-48 hours,
mirroring serum EPO concentrations. EPO injections resulted in a similar but faster increase
in Erfe expression indicating that its gene product may be directly EPO-inducible. gPCR
analysis revealed EPO-stimulated bone marrow, and specifically erythroblasts, to be the
highest ERFE-expressing cell type. Though the erythroferrone protein had been catalogued
previously under the names CTRP15 and myonectin (Seldin, Tan, and Wong 2014), its
prominent role in the regulation of hepcidin and iron homeostasis was a novel finding. ERFE
met the criteria for the putative erythroid regulator of iron homeostasis that could explain the
observed iron-regulatory responses to anemia, hemorrhage, hypoxia, and disorders of
ineffective erythropoiesis including p-thalassemia and myelodysplastic syndromes (Figure 1,
C-D). The development of an immunoassay for serum ERFE (Ganz et al. 2017) allowed for
the analysis of ERFE in patients with these diseases, as discussed below. In a short time, the
measurement of ERFE levels has become a common research tool for studies of the
pathophysiology of anemias and other erythroid disorders.

2.1.1 Human Erythroferrone Immunoassay—In 2017, a rabbit monoclonal
antibody-based sandwich immunoassay test was developed for the detection of serum ERFE
from human clinical samples (Ganz et al. 2017). The immunoassay was validated using
blood samples taken from three sets of human volunteers: healthy adult males, EPO-treated
geriatric patients with anemia, and p-thalassemic patients (both non-transfused and
transfusion-dependent). ERFE levels detected by the assay rose in the healthy volunteers
after phlebotomy with a matching decline in serum hepcidin levels as confirmation. The
EPO-treated patients likewise manifested the expected changes in their ERFE and hepcidin
values. ERFE concentrations in non-transfused and pre-transfused p-thalassemia patients
were elevated relative to normal samples, as expected, and levels were much lower post-
transfusion. These data recapitulated the expected trends for ERFE concentrations in each
population and were validated by inverse correlations with serum hepcidin. A similar
validated human ERFE immunoassay using mouse monoclonal antibodies targeted to the
same antigen is available commercially (Intrinsic LifeSciences, La Jolla, CA).

2.1.2 Mouse Erythroferrone Immunoassay—Another ELISA using mouse
monoclonal antibodies was developed by Silarus Therapeutics for the detection of murine
ERFE. We modified the assay to increase its sensitivity by employing the DELFIA reporter
system instead of the conventional horse-radish peroxidase-based colorimetric readout.
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Another ELISA for murine ERFE, making use of polyclonal antibodies against mouse
ERFE, is commercially available (Intrinsic LifeSciences). Using this assay, ERFE levels are
below the threshold of detection in healthy male C57BL/6 mice, but mice with the Hbb™3/*
model of B-thalassemia have elevated and detectable ERFE levels (Gutschow et al. 2019). A
number of other ERFE ELISA Kits are also marketed but should be viewed with caution
unless supported by peer-reviewed validation data.

2.2 The C1qg/TNF-Related Protein (CTRP) Family

Erythroferrone belongs to the C1g/TNF-Related Protein (CTRP) family of structurally
related, secreted hormones found in all vertebrate organisms. The 16 identified CTRP
proteins share structural similarities and 4 distinct domains: an N-terminal signal peptide
directing the protein for secretion, a variable region that differentiates each member, a
collagenous linker with Gly-X-Y repeats, and finally a C-terminal globular head with
homology to complement factor C1q and the TNFa family of cytokines (Wong et al. 2004)
(Figure 2A). Gene expression profiling shows that some CTRPs are preferentially produced
in certain tissue types. Adiponectin, the most extensively studied member of this family, is
expressed highly and nearly exclusively in adipose tissues. CTRP6, CTRP12, and ERFE
likewise have similarly restricted expression in the placenta, small intestine, and
erythropoietic bone marrow, respectively. Early attempts to characterize the proteins of this
large family have focused on their metabolic effects and potential to function as inter-organ
communicators (Schaffler and Buechler 2012; Seldin et al. 2014). Adiponectin has held
special interest for decades, with numerous studies that continue to elaborate its roles in
insulin resistance, dyslipidemia, and atherosclerosis (Yadav et al. 2013). Some of
adiponectin’s metabolic functions are believed to be mediated by its various oligomerized
forms. The protein can exist as a trimer, hexamer, and the high molecular weight 18-mer and
30-mer species in some organisms. Functional data show differing and sometimes opposing
biological effects of adiponectin depending on the oligomer type, with the higher molecular
weight species thought to be the most metabolically active (Wang et al. 2008). The ability of
adiponectin to multimerize is dependent on interactions in the collagenous domain,
specifically between conserved lysine residues, and their post-translational modifications
(PTMs). Bacterially-derived adiponectin can form trimeric and hexameric structures, but the
lack of PTMs prevents higher order oligomerization. The formation of these high molecular
weight species from mammalian cells can be disrupted by de-glycosylation of the key lysine
residues or mutation of these lysines to other amino acids. The presence and conservation of
the collagenous domain in all CTRPs suggests that multimerization is likely relevant for the
native structures and biological functions of all family members. The varied expression
patterns of CTRP members suggest that they mediate communication among distinct organ
systems. Mechanisms for CTRP action are currently a topic of active research, and there are
as of yet no known cell surface receptors that mediate their physiological functions, with the
exception of adiponectin receptors AdipoR1 and AdipoR2 (Yamauchi et al. 2003).

2.3 Erythroferrone Structure and Properties

Like other CTRPs, ERFE has a 4-domain structure with a unique N-terminus and significant
sequence homology to other family members at the C-terminus. The full-length human and
mouse proteins are composed of 354 and 340 amino acids, respectively, and have predicted
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masses of 37.3 kDa and 36.3 kDa. The glycosylation of one (human) or two (mouse)
asparagine residue(s) (Blom et al. 2004) coupled with co-translational removal of the signal
peptides all contribute to an apparent weight of 35-40 kDa as determined by reducing SDS-
PAGE electrophoresis. The globular C-terminal domain is predicted to fold into the highly
structured TNF/C1q head while the N-terminus of the molecule is expected to have an
extended and flexible secondary structure (Figure 2B). In addition to the globular head, the
short proline-rich collagenous linker connecting the two larger domains is thought to
promote multimerization of the protein as is seen in the native, oligomerized forms of
adiponectin (Wang et al. 2008), but lacks the lysines that are thought to facilitate higher
order multimer assembly. Because it contains two predicted PCSK3/furin recognition sites,
ERFE may exist as multiple cleaved isoforms after protein processing. Little is currently
understood about multimerization or the regulation and differential function of the cleaved
forms.

2.4 Evolutionary Analysis of Erythroferrone

ERFE is encoded in the genomes of all vertebrates, indicating its importance to the
physiology of so many forms of life. Amino acid sequence alignment reveals a striking
conservation across species, down to and including Xenopus tropicalis (Figure 2C). Beyond
the N-terminal signal sequence that directs each ERFE ortholog for secretion, there is a
stretch of nearly 100 amino acid residues with high levels of conservation in both charge and
polarity. These conserved regions include hydrophobic stretches, positively charged patches,
and the remarkably preserved glycine/proline-rich collagen linker which could all be integral
to ERFE’s cellular function. The C-terminal TNF domain is the most highly conserved
region across species but unexpectedly, functional evidence rules this region out as the
primary mediator of ERFE’s effect on hepcidin.

2.5 Erythroferrone Mechanism of Action

When plasma iron concentrations and liver iron stores are high, hepcidin synthesis is
induced by bone morphogenetic protein activation of the Smad1/5/8 pathway, predominantly
through binding of the BMP2/6 heterodimer to the heterotetrameric BMP receptor (Wang et
al. 2020). Although technical limitations may interfere with the detection of the active
phosphorylated forms of Smad1/5/8 in vivo, the weight of evidence indicates that
erythroferrone potently suppresses this induction both /7 vivoand in Hep3B /n vitro cell
systems (Wang et al. 2017:5). Various molecular mechanisms for this suppression have been
postulated including signaling by dedicated ERFE receptors and interaction with the
negative BMP regulator matripase-2 (Arezes et al. 2018; Aschemeyer et al. 2017).
Matripase-2, expressed from the TMPRSS6 gene, is a serine protease that cleaves the
membrane-bound form of the positive hepcidin regulator hemojuvelin (and likely also other
proteins in the iron-regulatory complex) and thereby suppresses hepcidin transcription.
Although matripase-2 was a reasonable candidate to consider as part of the ERFE
mechanism of action, experiments with Tmprss6 KO mice have demonstrated that
erythroferrone and matripase-2 regulate hepcidin independently of one another (Aschemeyer
et al. 2017). These results showed that while ablation of matripase-2 increases hepcidin
expression overall, ERFE still suppresses transcription by the same relative amount as in WT
mice.
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Recent data have provided unexpected but well-founded evidence for ERFE’s action as a
novel BMP trap that diminishes hepcidin expression by sequestering BMP ligands away
from their cell surface receptors (Arezes et al. 2018), specifically ALK3 (Wang et al.
2020:3) (Figure 3). Surface plasmon resonance (SPR) studies confirm the ability of ERFE to
bind BMPs. The strongest interactions take place between ERFE and the homodimers of
BMP2, BMP6, and the BMP2/6 heterodimer (Arezes et al. 2020; Wang et al. 2020). Other
previously proposed erythroid regulators of hepcidin, such as the TGFp-family ligand
GDF15 (Kim and Nemeth 2015), lack any binding interaction (Arezes et al. 2020). Our
unpublished data on the binding of other CTRPs to BMPs also show varied preference for
BMP species between family members, suggesting a general model for how their
physiological effects may be carried out. In studies of ERFE truncation mutants, the N-
terminal variable region is sufficient to suppress hepcidin expression nearly to the same
extent as the WT protein, and the C1q globular domain carries no suppressive activity
(Arezes et al. 2020). Moreover, antibodies specifically targeted toward the N-terminus of the
protein compete for binding with BMP6, unlike antibodies that target the C-terminus. SPR
analysis of ERFE truncation mutants has confirmed the specific binding of BMPs to the N-
terminus only. Nevertheless, it is likely that the globular head facilitates the function of
ERFE /n vivo, perhaps by promoting multimerization, enhancing stability, or in some other
manner yet to be elucidated.

3. Erythroferrone Pathophysiology

3.1 Erythroferrone in Baseline and Stress Erythropoiesis

Basal erythropoiesis in the marrow produces red cells at a relatively constant rate to replace
old and damaged ones whose iron content is recycled mostly by splenic and hepatic
macrophages (Figure 1A). Anemia or hypoxia decrease oxygen delivery to tissues, a change
sensed as cellular hypoxia by interstitial fibroblasts in the intensely energy-consuming
regions of the kidney, and these cells respond by HIF-2 mediated increases in the production
of EPO (Haase 2013; Hodges et al. 2007). Elevated plasma EPO concentrations enhance the
survival of erythroid precursors, increase the number of erythroblasts, and stimulate those
erythroblasts to produce and secrete ERFE, thereby suppressing hepcidin synthesis in the
liver. With less hepcidin available to inhibit ferroportin function, iron-exporting cells deliver
more cellular iron into plasma. Dietary iron absorption increases, and cellular iron stores are
mobilized from macrophages and hepatocytes for heme and hemoglobin synthesis in newly
produced red blood cells (Figure 1B). Erythroferrone is most important early in the response
to erythropoietic stimuli, as ERFE knockout mice fail to rapidly suppress hepcidin after
acute blood loss or EPO injection. This leads to a delay of several days in their recovery
from anemia compared to WT animals (Kautz et al. 2014).

The increased ERFE production in response to anemia has two components: when
erythropoietic tissues are stimulated by EPO, the population of erythroid precursor cells
expands. Secondly, within this population, each individual cell produces more ERFE. In
anemias with ineffective erythropoiesis, the erythroid precursor population is greatly
expanded and stimulated by EPO, but most of these cells do not generate mature
erythrocytes. These dead-end erythroid precursors secrete high levels of ERFE that
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chronically suppress hepcidin and thereby cause iron overload. High concentrations of non-
transferrin bound iron in these iron-loading anemias are known to cause tissue injury by
catalyzing the formation of reactive oxygen species (Figure 1C). Iron toxicity is manifested
as cellular damage in hepatocytes, cardiomyocytes, and endocrine glands as well as an
increased risk of infection (Vento, Cainelli, and Cesario 2006). To prevent these potentially
lethal complications of iron overload, treatment with iron chelators is required to trap and
eliminate excess iron through the urinary and gastrointestinal routes.

3.2. Effects of Erythroferrone Loss-of-Function and Over-Expression

ERFE knockout mice that are allowed to develop without external erythropoietic stresses
have normal iron and blood parameter phenotypes with the exception of a transient iron-
restrictive anemia at around 6 weeks of age (Kautz et al. 2014). This is a period of rapid
growth in mice, with expansion of erythrocyte mass and increased iron demand. Lower
hemoglobin levels in ERFE knockout mice catch up to their WT counterparts by 12 weeks.
While ERFE ablation prevents knockout animals from quickly suppressing hepcidin after an
acute erythropoietic stimulus as previously mentioned, an appropriate, if delayed, hepcidin
response is seen after a prolonged erythropoietic stimulus such as multiple EPO injections
(Coffey et al. 2018). The delayed but complete compensation for the lack of ERFE may be
due, at least in part, to the depletion of iron stores which itself is a strong negative regulator
of hepcidin expression (Figure 4). Because differic transferrin is a strong inducer of hepcidin
transcription, the transient decrease of diferric transferrin concentrations caused by EPO-
inducible expression of transferrin receptor-1 on erythroblasts may contribute to the small
initial drop in hepcidin (Mirciov et al. 2018) that is seen even in ERFE KO mice, and could
synergize with the suppressive effect of ERFE on hepcidin.

In unpublished data, our lab has developed mice that over-express ERFE under control of the
B-globin promoter, restricting the secretion of ERFE to erythroid cells. Highly over-
expressing strains—with £RFE mRNA levels that are 10-fold higher than WT—have
suppressed hepcidin levels and thereby develop pathological iron overload. Interestingly,
these animals manifest lower body weights and a number of other systemic abnormalities,
some of which are also seen in human anemias with ineffective erythropoiesis. We
hypothesize that these effects are mediated by the interference of ERFE with BMP signaling
during development and growth.

3.3 The Pathological Role of ERFE in Diseases of Altered Erythropoiesis

The inherited blood disorder B-thalassemia results from mutations in p-globin genes that
limit the production of B-globin relative to a-globin, causing an imbalance that decreases
erythroblast survival in the marrow and erythrocyte lifespan in blood circulation. Ineffective
erythropoiesis is characteristic of p-thalassemia because the erythroblast population
becomes greatly expanded but generates relatively few mature erythrocytes. In the most
severe cases known as p-thalassemia major, patients require regular blood transfusions in
order to survive or to prevent severe systemic complications. Each transfused unit of packed
erythrocytes delivers the equivalent of 200-250 mg of iron. With transfusions needed every
two to five weeks and physiological iron losses limited to a few mg/day, total body iron will
quickly exceed the normal adult endowment of 3—4 g by many-fold. Iron chelation is
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therefore necessary to prevent the overload that results from transfusion. In the less severe
form termed p-thalassemia intermedia, red blood cell production is usually sufficient to
avoid regular transfusions, but ineffective erythropoiesis may be as or more severe. This is
the case because transfusion therapy for thalassemia major increases oxygenation by
increasing the number of functional red blood cells. This lowers erythropoietin production
by the kidneys and relieves the stimulus for erythropoiesis (Figure 1C).

Several mouse models of anemias—induced genetically, by administration of a hemolytic
agent or through dietary iron deprivation—show increased ERFE expression relative to
control littermates (Mirciov et al. 2017). Mouse models of anemias with ineffective
erythropoiesis would be expected to show particularly high ERFE levels, because in these
anemias the erythroblast population, which secretes ERFE, is expanded out of proportion to
the severity of anemia. One such model, the Hbb™3/* mouse model recapitulates a non-
transfusion dependent p-thalassemia with moderately decreased hemoglobin concentrations,
markedly lower hepcidin during growth compared to WT, and increased plasma and hepatic
iron concentrations. The model is haploinsufficient for B-globin leading to the precipitation
of excess unpaired a-globin chains. ERFE production in the bone marrow and spleens of
these mice is increased relative to WT consistently throughout their lives, between 8-fold
and 32-fold depending on age (Kautz et al. 2015). The beneficial effect of anti-ERFE-
neutralizing antibodies on anemia in this model suggests that excess ERFE contributes not
only to iron overload (Kautz et al. 2015) but also to the pathogenesis of anemia in this model
(Arezes et al. 2020). Importantly, reticulocyte percentage is decreased with antibody
treatment, indicative of increased quality and lifespan of erythrocytes. It remains to be seen
if ERFE inhibition for the treatment of human p-thalassemia can decrease iron absorption
and iron deposition in organs sufficiently to avoid chelation therapies—the current standard
of care.

Myelodysplastic syndromes (MDS) represent another class of hematopoietic disorders
where ERFE pathology could be therapeutically targeted. MDS is a group of malignancies
characterized by impairment in the differentiation of blood cell precursors. Many of these
undifferentiated cells undergo apoptosis in the bone marrow, but mutation and clonal
expansion of surviving abnormal cells eventually selects for more malignant clones that
progress to leukemia. Patients with the ring sideroblasts subtype (MDS-RS) develop
nucleated erythroblasts containing excess iron that accumulates in mitochondria. These cells
fail to mature or enter circulation. MDS is accompanied by mutations in splicing factor
genes in 40-80% of patients, particularly in those with MDS-RS (Rozovski, Keating, and
Estrov 2013). Mutations in the splicing factor SF3B1 are especially relevant, as patients with
MDS-RS and SF3B1 mutations present with systemic iron overload even in the absence of
blood transfusions. Bone marrow transcriptome analysis in a cohort of human MDS subjects
revealed a mutated £RFE transcript in SF3BIMUT cells attributable to dysregulated splicing.
The mutation adds four amino acids to the translated protein, and the final product is still
able to suppress hepcidin with efficacy comparable to the WT variant. Furthermore, ERFE
mRNA abundance was significantly higher in these mutated cells relative to the SF3B1/7T
cells that were profiled (Bondu et al. 2019). Importantly, increased expression of this mutant
ERFE was associated with longer survival of SF387MUT MDS patients. Since ERFE
expression is induced in erythroblasts, it may be useful for these patients as an indicator that
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the abnormal clones are capable of differentiation and therefore less likely to become
frankly malignant.

Chronic kidney disease (CKD) is associated with a characteristic anemia caused by a
combination of relative erythropoietin deficiency and iron-restriction (Hanudel et al. 2017)
(Figure 1D). The pathogenesis of anemia in CKD is multifactorial, including systemic
inflammation, relative deficiency of EPO production, and low clearance of hepcidin by the
diseased kidney. Current treatment guidelines suggest the monitoring of erythrocyte and iron
parameters and the administration of iron and EPO to patients who become iron-deficient
and anemic (Anemia Work Group 2012). A study of hepcidin knockout mice with an
adenine diet-induced CKD showed that ablation of hepcidin improved the associated
anemias (Hanudel et al. 2017). For those CKD patients whose anemia is mainly caused by
increased hepcidin, future ERFE mimetics and activators could prove useful for the
treatment of anemia. While the EPO administration currently used as therapy does induce
endogenous ERFE, a mouse study revealed that serum ERFE levels have a delayed response
in CKD mice relative to WT (Hanudel et al. 2018). The resulting delay in iron mobilization
could make EPO less effective as an erythropoiesis-stimulating agent, raising the possibility
that administration of bioengineered ERFE may have therapeutic utility in helping to
mobilize iron in anemia of CKD.

3.4 Erythroferrone Variants

Another consideration of ERFE pathophysiology is the effect of excessive concentrations of
the protein on iron-loading anemias. ERFE variants could change the bioactivity of the
protein or modify the stability of mMRNA transcripts or proteins, or a combination of all
three. One example is the A260S substitution caused by a point mutation in the C1g domain.
Healthy people with this mutation express higher levels of ERFE at the RNA and protein
levels compared to their WT equivalents. The same increased expression is seen in patients
with congenital dyserythropoietic anemia type 11 (CDAII) who also have the ERFE mutation
(Andolfo et al. 2019). These patients have very high circulating ERFE protein levels at
baseline because of ineffective erythropoiesis. The ERFEA260S mytation found in only a
subset of CDAII patients drives RNA and protein expression up even higher. Remarkably,
ERFEA260S js associated with severe anemia (Andolfo et al. 2019), possibly by making
more iron available for erythropoiesis and increasing oxidative stress in the already impaired
erythroblasts.

4. Erythroferrone as a Biomarker in Competitive Sports

4.1 Blood Doping

Monitoring the use of performance-enhancing drugs is a cat-and-mouse game between
hypercompetitive athletes who try to skirt the rules and the organizations responsible for
upholding the integrity of their sports competitions. Historically, anabolic steroids were
commonly used to boost performance, but these drugs can be readily detected by the
presence their metabolites in urine. Blood doping is the use of techniques or substances that
increases the number of circulating red blood cells. The boosted oxygen carrying capacity
from blood doping brings increased stamina and performance, and the artificial enhancement
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is more difficult to detect than steroids. Two common blood doping methods are erythrocyte
transfusions and the administration of erythropoiesis-stimulating agents (ESAS) such as
EPO. Unlike steroids, enhanced red cell mass may be unsurprising—especially in athletes—
and challenging to detect. In particular, the transfusion of blood shortly before a
competition, especially if it is the athlete’s own blood, is difficult to detect. The World Anti-
Doping Agency has therefore recognized the need to monitor athletes’ biological parameters
over time to reveal the time-dependent alterations caused by doping rather than testing for
the agents, substances, or methods themselves. They refer to these profiles as Athlete
Biological Passports, and they are currently the most effective deterrent to the use of blood
doping (Schumacher et al. 2012).

Hematological parameters that have been proposed for the detection of blood doping include
reticulocyte percentage, hemoglobin concentration, plasma iron, ferritin, and hepcidin. A
study in healthy, male athletes showed a positive correlation between hepcidin, hemoglobin,
iron, and ferritin (Leuenberger et al. 2017). The same study went on to measure the direct
effects of multiple recombinant EPO injections on these hematological values in healthy,
male volunteers finding the expected increase in reticulocyte percentage and decrease in
hepcidin. The drop in hepcidin came more quickly than the rise in reticulocytes for most
participants: 2 days versus 4 days after the beginning of treatment. Hepcidin is a useful
biomarker in this context because of its rapid and dramatic response to erythropoietic
stimuli. It is important to note that hepcidin is also negatively regulated by plasma iron
concentrations and positively regulated by inflammation (Nemeth et al. 2003) (Figure 4).
Since intense exercise has the potential to induce both inflammation and erythropoiesis, this
could lead to the generation of both positive and negative signals for hepcidin transcription.
A review of the hepcidin response to exercise found an observed increase in serum levels in
a vast majority of studies, largely regardless of exercise duration or intensity (Dominguez et
al. 2018). This indicates that elevation of hepcidin by inflammation could mask the expected
suppression of hepcidin by erythropoietic stimulants.

While hepcidin is regulated by multiple distinct pathways, marrow-derived ERFE is only
known to be responsive to erythropoietic stimulation by EPO in the context of iron
regulation. (For contexts where ERFE is produced in other tissues in response to non-
erythropoietic stimuli, see the sections on myonectin and Xenopus.) Strict EPO regulation
creates the potential for ERFE to serve as a blood doping biomarker with as much sensitivity
as hepcidin and fewer confounders. As discussed in the myonectin section below, the stimuli
for ERFE in non-erythropoietic contexts are not fully understood, but the contributions of
nonerythroid sources to the systemic ERFE concentrations appear to be small. The following
studies are part of a new and important effort to characterize the usefulness of ERFE in the
detection of blood doping.

A small study in healthy males compared the effects of several EPO micro-doses (20 1U/kg)
and small doses (50 1U/kg) on hepcidin and ERFE (Robach et al. 2020). As expected, serum
hepcidin levels were quickly reduced in both dosing groups. Serum ERFE levels rose in
response to the EPO injections, and unlike hepcidin, the response was dose-dependent rather
than all-or-nothing. Another study compared the effects of EPO and two other common
ESAs on serum ERFE levels. All three agents significantly increased ERFE levels starting
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from one day after administration (Ramirez Cuevas et al. 2020). The associated increase

from a single dose was sustained for 6-13 days, with the duration depending on the ESA
used. Iron supplementation and exercise-induced muscle damage did not affect the ERFE
readings. If these findings hold true in larger studies, a sensitive and standardized human

ERFE assay could be a useful addition to an athlete’s hematological profile.

4.2 Altitude Training

Altitude training is a method of inducing erythropoiesis without the use of exogenous
substances. Living at high altitude exposes the body to relative hypoxia which induces EPO
production and increases erythropoiesis. The increased red cell mass and oxygen carrying
capacity become advantageous when the athlete returns to sea level for training and
competitions. Studies in athletes and healthy adults have shown that repetitive altitude
training, or the use of normobaric hypoxia chambers to simulate the low-oxygen effects of
high altitude, results in elevated EPO production (Frese and Friedmann-Bette 2010;
Mackenzie, Watt, and Maxwell 2008), and an estimated 3.3% increase in hemoglobin mass
after 20 days of altitude training compared to baseline (Gore et al. 2013). Normobaric
hypoxia caused a decrease in plasma hepcidin within 2 days that lasted 2 weeks (Govus et
al. 2017), and 15 hours of high altitude exposure was enough to increase serum ERFE
concentrations (Robach et al. 2020). Altitude training is considered a legal form of blood
doping, and as such, the practice is widely used in preparation for competitions. It remains
to be determined whether ERFE measurement would enhance existing methodologies that
distinguish between legal and illegal blood doping.

5. Erythroferrone beyond erythropoiesis and iron homeostasis

5.1 Myonectin

In 2012, a novel skeletal muscle-derived member of the CTRP family was characterized in
mice and named myonectin (Seldin et al. 2012:15). Circulating levels of this new myokine
were increased after exercise, and transcription of its RNA in cultured myotubes was
induced by a rise in cellular cAMP or calcium levels. Based on these results, the authors
proposed that the protein may be a marker or regulator of metabolism in muscle. It was later
found to be expressed from the same gene and transcript as ERFE, but for the purposes of its
metabolic roles and expression in muscle tissues, the name myonectin will continue to be
used here. As part of their characterization of myonectin, the authors described various ways
the protein could be induced in mice including fasting followed by refeeding with normal
chow, glucose, or emulsified lipids. C2C12 myotubes cultured /n vitro with glucose or
palmitate also increased expression of myonectin 4-fold compared to serum-starved
conditions. Injection of recombinant myonectin in mice caused a reduction in non-esterified
fatty acid levels that was believed to be the result of increased fatty acid uptake into cells.
Isolated adipocytes and hepatocytes cultured with recombinant myonectin showed increased
expression of a number of fatty acid binding and transport proteins as well as dose-
dependent augmented palmitate uptake. After the initial characterization, several groups
investigated the new myokine in various contexts.
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5.1.1 Myonectin in glucose and fat metabolism—Whole body myonectin deletion
in mice fed a high-fat diet led to increased fat storage in adipose lipid droplets (Little et al.
2019). This suggests the possibility that myonectin may be protective against insulin
resistance. In order to test for associations in relevant populations, a study of circulating
myonectin levels was performed in humans with type 2 diabetes and healthy control subjects
(Li et al. 2019). Both groups were further stratified into lean, overweight, and obese
subcategories. Serum myonectin was found to be significantly decreased in diabetes patients.
Within both healthy and diabetic groups, increasing BMI was associated with lower levels of
myonectin. Moreover, patients with higher BMI had lower circulating levels regardless of
disease state, but the effect sizes in both analyses were small. A multivariate stepwise
regression analysis of multiple parameters confirmed that high BMI was a main independent
predictor of low myonectin in their study (Li et al. 2019). A similar study comparing type 2
diabetics to people with impaired and normal glucose tolerance found the exact opposite:
metabolic disease parameters and obesity associated with higher circulating myonectin
levels (Li et al. 2018). It should be noted that measurements of circulating myonectin in
these studies differed by a factor of 10 despite using the same ELISA assay system for
detection. Authors of both studies agreed on myonectin’s potential as a biomarker in
predicting the development of obesity and type 2 diabetes, but the questions of cause, effect,
and directionality remain open. Adding to the uncertainty, a calorie restriction experiment in
rats showed no change in plasma myonectin levels between animals fed ad /ibitum and those
restricted to 60% of standard. This is despite a drop in plasma levels of insulin and a rise in
adiponectin in the calorie restricted group (Sharma, Castorena, and Cartee 2012). It is
possible that myonectin is affected only during extreme stresses, whereas insulin sensitivity
and other modes of fat regulation respond in a more sensitive manner, and possibly more
consistently. As with all ERFE/myonectin detection systems, it is important to validate the
assays using appropriate controls before the results can be reliably interpreted.

Experiments /n vitroand in vivo were reported as showing that myonectin suppressed
starvation-induced autophagy. Administration of recombinant myonectin to fasted animals
and serum-starved hepatocytes reduced the expression of autophagy genes and prevented
formation of autophagosomes (Seldin et al. 2013). Mechanistic studies using various
pathway inhibitors revealed that this activity is accomplished through mTOR/Akt/PI3K. /n
vitro time course experiments in rat cardiomyocytes confirmed these findings by
demonstrating an induction of pAkt, pPCREB, and pGSK-3p within 15 minutes of treatment
with recombinant myonectin (Otaka et al. 2018), though no cell surface receptors have been
described to mediate this signaling. It was not reported if or how the recombinant myonectin
protein was validated for their experiments.

In addition to refeeding, myonectin can be induced by exercise. A study in rats confirmed
the original reports that myonectin protein levels increase in muscle after chronic exercise.
Confusingly, RNA abundance of the myonectin transcript in diaphragm muscle was lower in
the exercised group than in the control. This suppression of RNA but not protein was
observed in both lean rats and in a genetic model of obesity where caloric intake from a
normal diet is increased due to knockout of the leptin receptor (Peterson, Mart, and Bond
2014). A study in overweight human subjects found that chronic exercise significantly
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increased serum myonectin levels (Pourranjbar et al. 2018), but these results can be difficult
to interpret. Since exercise can induce erythropoiesis, the change they observed may have
been circulating ERFE that originated in the bone marrow. Pairing this with the
contradictory RNA data highlights the need for a more complete analysis of the metabolic
landscape. This analysis must include the effects on renal EPO production and marrow
ERFE secretion in order to document the predominant tissue sources of ERFE/myonectin
and the specific pathways that stimulate the increase in ERFE/myonectin plasma
concentrations. More extensive assay validation is also needed to assure that the
measurements are sufficiently sensitive and specific, and the consistent use of knockout
animals as controls is required for appropriate attribution of myonectin effects.

Just upstream of ERFE/myonectin induction, erythropoietin has also been implicated in the
regulation of cellular metabolism including glucose tolerance and fatty acid metabolism.
Knockout of the mouse EPO receptor in all non-hematopoietic tissues resulted in increased
body mass compared to WT animals with differences appearing as early as one week after
birth (Teng et al. 2011). Transgenic mice that over-express EPO, or WT mice that are
administered exogenous EPO, show a reduction in body mass and increase in glucose
tolerance compared to untreated WT controls. Notably, these changes are not mediated by an
EPO-related increase in erythropoiesis (Foskett et al. 2011; Teng et al. 2011). Indeed,
experiments in erythroferrone knockout mice demonstrated that a lack of the ERFE protein
did not impair either glucose tolerance or clearance of non-esterified fatty acids after chronic
or acute EPO treatment (Coffey et al. 2018). Taken together, these results demonstrate that
the effects of erythropoietin on cellular metabolism are independent of its role in stimulating
erythropoiesis.

5.1.2 Myonectin as a cardioprotective hormone—A comprehensive study on
cardiac ischemia-reperfusion injury (IRI) in myonectin knockout and over-expressing mice
found that myonectin was protective of heart muscle subjected to IRI, with knockouts
experiencing more apoptosis in the heart than WT, and over-expressers suffering less cardiac
damage. Specifically, pro-inflammatory gene expression levels and myocardial infarct size
were both increased in myonectin KO mice subjected to IRI. Over-expression of myonectin
in skeletal muscle resulted in reduced cardiac injury after IRI via an attenuation of
cardiomyocyte apoptosis (Otaka et al. 2018). The mechanisms of cardio-protection seen in
these experiments are unclear. It is also unknown how the various reported effects of
myonectin—ranging from metabolic modulation in the contexts of feeding and exercise to
this report of apoptosis mitigation in the heart—fit together in the big picture. Further
complicating the matter are the known effects of ERFE in the erythroid system and its
mechanism of action. While a BMP trapping mechanism is proving very important for
hepcidin suppression by ERFE, its relevance is still unclear in the context of myonectin.
Little progress has been made regarding research into the mechanism(s) of action of
myonectin.

5.2 Erythroferrone in Xenopus development

Erythroferrone ortholog genes are present in all vertebrates. In a Xengpus tropicalis cDNA
library developmental gain-of-function screen, transgenic erfe over-expression caused axis
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duplication in the embryo (Melchert et al. 2020). This effect is known in other settings to be
induced by either stimulation of Wnt/B-Catenin or inhibition of BMP signaling. Consistent
with mammalian data, RT-qPCR analysis showed Xenopus erfeto be a potent inhibitor of
BMP target genes. As in mammals, the active domain was found to be the N-terminal region
and not the C1q globular head. Importantly, Xenopus erfe inhibited BMP4 signaling while
murine ERFE did not. Consistent with this finding, injection of murine ERFE RNA did not
cause secondary axis duplication unlike the Xenopus version, however over-expression of
the murine variant did cause a mild dorsalization phenotype. The difference may be
attributable to murine ERFE’s relatively weaker binding to BMP4 than to BMP2 or BMP6
(Arezes et al. 2020), as primary axis formation during Xenopus development is mainly
controlled by BMP4 (De Robertis 2009; De Robertis and Kuroda 2004). These data raise
two possibilities for why our ERFE transgenic mice are less affected during development
than the Xenopus embryos. One explanation is that divergent evolution in erythroferrone
proteins leading to differential BMP4 binding may explain the difference in developmental
abnormalities. Alternatively, overexpression of ERFE in our transgenic ERFE is driven by
the B-globin promoter-enhancer, so Erfe synthesis in the mouse model begins in mid-
gestation when B-globin synthesis starts in the mouse, perhaps too late for more dramatic
developmental defects to appear. Xenopus erfe loss-of-function resulted in severely impaired
blood circulation and edema at the tadpole stage. Together, these data demonstrate that erfe
activity is required for normal morphological development and vascularization in Xenopus,
raising the possibility that Erfe may have additional as of yet undescribed roles in mammals.

Conclusion

Since its discovery in 2014, erythroferrone has become recognized as a key erythroid
regulator of iron homeostasis. In response to erythropoietic stimuli, increased ERFE levels
suppress hepcidin production, and the consequent stabilization of ferroportin mobilizes
cellular iron stores into plasma for use by maturing erythroblasts. This important regulatory
axis allows vertebrate species to respond to and rapidly recover from blood loss. It also
allows for quick adaptation to low oxygen concentrations found at high altitudes—a
physiological feature that some athletes use to gain advantages when competing at sea level.
The potential of ERFE to serve as a biomarker of blood doping could have a beneficial
impact on the fairness and safety of sports competitions. In hematological diseases with
ineffective erythropoiesis like B-thalassemia and some subclasses of myelodysplastic
syndrome, dysregulated ERFE leads to iron overload. Iron chelation is currently used as the
standard-of-care therapy, but recent studies of anti-ERFE antibodies show potential utility in
preventing iron overload in these disorders. Patients with chronic kidney disease have the
opposite problem: high circulating levels of hepcidin and iron-restricted anemia. In these
cases, the therapeutic administration of ERFE or ERFE mimetics could become a useful
modality in the management of anemia. Despite the rapid progress made in understanding
the role of erythroferrone in baseline, stress, and disease-state erythropoiesis, there is much
about the hormone that remains to be explained. We are only beginning to understand how
ERFE suppresses hepcidin, with the best-supported mechanism dependent on the ability of
ERFE to trap BMPs and prevent their interactions with the BMP receptor complex that
regulates hepcidin transcription. Furthermore, the effects of multimerization on the
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regulation and potency of ERFE remain unknown. Much remains to be discovered about the
role of erythroferrone in embryonic development and its roles in muscle biology and
systemic metabolism. Discoveries in these areas may have important implications for
understanding the entire CTRP family whose biological functions remain largely unknown.
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Figure 1. Effective and I neffective Erythropoiesis
(A) Baseline erythropoiesis generates red blood cells to replace old and damaged cells.

Physiological levels of ERFE and hepcidin at baseline provide sufficient iron for steady state
production of erythrocytes. (B) When the kidneys sense cellular hypoxia, they secrete EPO
which stimulates erythropoiesis and the production of ERFE. As ERFE suppresses hepcidin,
iron is mobilized from stores for use by the expanded population of maturing red blood
cells. (C) In p-thalassemia, most erythroblasts do not generate mature erythrocytes, causing
anemia and tissue hypoxia. This results in high levels of EPO and ERFE, chronically low
hepcidin, and iron overload. (D) In chronic kidney disease, low EPO production, low
clearance of hepcidin by the kidney, and inflammation can lead to low iron availability in the

erythroid system.
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Figure 2. The C1g/TNF-related protein (CTRP) and ERFE Structure
(A) The generalized domain structure of CTRPs. The signal peptide directs the protein for

secretion and is removed in the final form. The variable region is the least conserved domain
between CTRP family members. The collagen domain is glycine- and proline-rich and may
contain glycosylated lysine residues known to promote multimerization (e.g. adiponectin).
The C1q globular head is predicted to be the most structured part of the protein and is highly
conserved between CTRP family members. (B) Human and murine erythroferrone domains
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and prediction of folded structure. (C) Erythroferrone sequence alignment across vertebrate
species highlighting the conserved segments.
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Figure 3. Erythroferrone M echanism of Action
Erythroferrone molecules secreted into blood by erythroblasts in the marrow reach the liver

where it permeates through fenestrations in sinusoidal endothelial cells into the Space of
Disse, a perisinusoidal space separating hepatocytes from sinusoidal endothelial cells.
Sinusoidal endothelial cells secrete BMP2/6 heterodimers, but ERFE sequesters these before
they engage the BMP receptor complex on hepatocytes, lowering activation of the
Smad1/5/8 signal transduction pathway, and reducing hepcidin transcription.

J Cell Physiol. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Srole and Ganz Page 24

I\(id'n'ey

and liver
Digestive -
tract Liver
e Inflammation ———>

e

Ellsieate circulation
Fe2* FeZ+ "
f Fe3* Fe3+
Fe> —b W)

N

Figure 4. ERFE-Hepcidin-Ferroportin Axis
Interstitial fibroblasts in the kidney and hepatocytes in the liver respond to cellular hypoxia

by HIF-2 induced transcription and production of EPO. EPO stimulates the expansion of
erythroblasts as well as increasing production of ERFE. ERFE inhibits the transcription of
hepatic hepcidin thereby stabilizing the cellular iron exporter ferroportin on the surfaces of
hepatocytes and macrophages. Cellular iron stores are then mobilized into plasma to be used
for hemoglobin synthesis by the expanded population of maturing erythrocytes. EPO,
erythropoietin; ERFE, erythroferrone; HIF-2, hypoxia-inducible factor 2.
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