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Summary

Erythroferrone, a glycoprotein hormone produced by erythroid cells in response to hemorrhage, hypoxia or other
erythropoietic stimuli, suppresses the hepatic production of the iron-regulatory hormone hepcidin and thereby
mobilizes iron for erythropoiesis. Erythroferrone is thought to interfere with paracrine BMP signaling that
regulates hepcidin transcription in hepatocytes. Erythroferrone is pathologically overproduced in anemias with
ineffective erythropoiesis but its contribution to the clinical manifestations of these anemias is not well
understood. We generated three lines of transgenic mice with graded erythroid overexpression of erythroferrone
and showed that they developed dose-dependent iron overload, impaired hepatic BMP signaling and relative
hepcidin deficiency. At the highest levels of erythroferrone overexpression the mice manifested decreased
perinatal survival, impaired growth, small hypofunctional kidneys, decreased gonadal fat depots and
neurobehavioral abnormalities, all consistent with impaired organ-specific BMP signaling during development.
Neutralizing excessive erythroferrone in congenital anemias with ineffective erythropoiesis may not only prevent
iron overload but may have additional benefits for growth and development.
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Introduction

Systemic iron homeostasis is tightly regulated by the hepatic hormone hepcidin, which is secreted into blood
plasma and inhibits intestinal iron absorption and the mobilization of stored iron (Nemeth et al., 2004).
Erythropoietic activity is highly dependent on an adequate iron supply and is a strong regulator of iron
homeostasis. During physiological response to anemia, renal hypoxia increases erythropoietin (EPO) production
to stimulate the formation and differentiation of erythroid precursors. Within hours after EPO induction, hepcidin
is suppressed (Liu et al., 2012) increasing iron flows into blood plasma and iron delivery to the marrow to support
the enhanced production of erythrocytes. In anemias with ineffective erythropoiesis, in which EPO levels are
increased and the erythropoietic compartment is disproportionately expanded, hepcidin is pathologically
suppressed (Jones et al., 2015; Kearney et al., 2007) resulting in excessive iron absorption and eventual iron
overload, even when the patients do not receive blood transfusions. The suppression of hepcidin in any condition
with increased erythropoietic activity, and especially in anemia with ineffective erythropoiesis, is attributable to
erythroid-derived factors (Pak et al., 2006). Search for such factors led to the discovery of erythroferrone (ERFE),
a hormone produced by erythroblasts that acts on the liver to suppress hepcidin expression by hepatocytes
(Kautz et al., 2014b).

Recent evidence indicates that ERFE inhibits hepcidin expression by antagonizing select members of the bone
morphogenetic protein (BMP) family (Arezes et al., 2018; Wang et al., 2020). BMP signaling in hepatocytes
regulates hepcidin transcription in response to plasma iron concentrations and hepatic iron stores, and the
pathological loss of BMP signaling causes hepcidin deficiency and systemic iron overload (Canali et al., 2017;
Koch et al., 2017). Specifically, BMP2 and 6 secreted by the sinusoidal endothelial cells in the liver are the key
regulators of hepcidin transcription (Wang et al., 2020). ERFE lowers hepcidin transcription by sequestering the
BMP2/6 heterodimer (Wang et al., 2020), but ERFE was also reported to bind other BMPs including BMP2, 4,
5, 6 and 7 (Arezes et al., 2020a; Arezes et al., 2018). Considering that BMP signaling has pleiotropic effects
beyond its role in iron homeostasis, the endocrine effects of ERFE may not be limited to hepcidin regulation in
the liver. BMP signaling is involved in the regulation of development and homeostasis in multiple organs,
including the kidney, vestibular system of the inner ear, and skeletal system. Deletion of Bmp7 in mice leads to
severely impaired kidney development (Dudley et al., 1995; Luo et al., 1995), resulting in renal insufficiency, and
the administration of exogenous BMP7 in a rat model of kidney fibrosis protects against damage and restores
function in damaged kidneys (Morrissey et al., 2002). Deficiency of BMP4 results in impaired vestibular function
and hearing loss (Blauwkamp et al., 2007). Appropriate BMP signaling is also required for normal bone and
growth plate development. Mice overexpressing BMP antagonists develop osteopenia, resulting in bone
fractures (Devlin et al., 2003b; Gazzerro et al., 2005), and genetic deletion of BMP receptors leads to impaired
growth plate development (Yoon et al., 2005).

Although substantial evidence supports the role of ERFE as a stress hormone that acutely suppresses hepatic
hepcidin synthesis in response to erythropoietic stimuli, much less is known about the chronic effects of ERFE
in vivo. The effect of chronically elevated ERFE levels have been analyzed in the context of erythropoietic
disorders such as B-thalassemia (Ganz et al., 2017). However, while patients with B-thalassemia commonly
suffer from problems that could be linked to disruptions in BMP signaling, including iron overload
(Papakonstantinou et al., 2009), renal impairment (Musallam and Taher, 2012), and skeletal problems such as
impaired growth (Rodda et al., 1995) or bone mineralization (Karimi et al., 2007), it is unclear to which extent the
observed pathologies are attributable to elevated ERFE as opposed to other factors such as tissue and organ
hypoxia, the effects of hemolytic products or the toxicity of treatment. To increase ERFE production, animal
models rely on anemia (Kautz et al., 2015; Kautz et al., 2014a) or erythropoietin (EPO) administration (Coffey et
al., 2018) but serum ERFE levels measured in these models are orders of magnitude lower than in human
patients with B-thalassemia (Ganz et al., 2017). Additionally, high EPO levels exert multiple systemic effects
(Suresh et al., 2019) beyond increasing Erfe expression and these complicate direct attribution of observed
phenotypes to the action of ERFE alone .

The aim of the current study was to determine the effect of chronically elevated Erfe expression on systemic iron

homeostasis and BMP signaling, independent of the effects of chronic anemia or EPO treatment and at a range

of circulating ERFE levels similar to those present in humans with B-thalassemia and other anemias with
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ineffective erythropoiesis. To this end we have generated multiple lines of novel transgenic mice overexpressing
graded levels of erythroferrone in erythroid cells. We find that chronically elevated Erfe expression results in
dose-dependent hepcidin suppression, dysregulation of iron homeostasis and tissue iron accumulation.
Additionally, at high levels, chronic Erfe overexpression affects multiple organ systems influencing pup survival,
kidney function, and behavior.

Materials and Methods
Animal husbandry and experiments

A DNA construct previously used to target gene overexpression to cells of the erythroid lineage under control of
the human locus control region (ULCR) and B-globin gene promoter was generously contributed by Dr. Kenneth
R. Peterson (Peterson et al., 2004) and adapted to express N-FLAG-mErfe. Transgenic founder animals were
generated at Cyagen labs by pronuclear injection of fertilized C57BL/6N zygotes. One transgenic founder
generated by this method gave rise to the high-expressing “H” line as well as produced the founder of the
moderately expressing “M” line, and the second transgenic founder, generated by pronuclear injection, gave rise
to the low-expressing “L” line. Individual transgenic lines were established and experimental mice generated by
breeding heterozygous transgenic mice with C57BL/6J mice to yield transgenic mice and wild-type littermate
controls. Each mouse was genotyped to ensure stability of transgene copy number. Animals were fed a natural
ingredient diet (Labdiet 5053) containing ~220 ppm iron and housed in a specific-pathogen-free barrier facility.
Animal body weights were recorded weekly beginning at 3 weeks and until euthanasia, either at 6 or 16 weeks
of age. Experimental animals were euthanized by isoflurane inhalation. All experiments involving mice were
conducted with the approval of the University of California, Los Angeles Animal Research Committee.

Genomic characterization

Genomic DNA was prepared from the livers of the H-line transgenic founder, H-line F1 progeny, M-line founder,
and one M-line F1 progeny using Qiagen Gentra Purgene kit per manufacturer’s instructions. Genomic
sequencing on paired-end libraries was performed at UCLA Technology Center for Genomics & Bioinformatics
using an lllumina Novaseq S4 DNA sequencer. The reads were aligned to the reference genomic sequence Mus
musculus strain C57BL/6J chromosome 4, GRCm38.p6 C57BL/6J and to the transgene sequence, and overlap
sequences between adjacent transgene copies and between transgene and chromosomal sequence identified
and used to ascertain the chromosomal insertion site, and transgene copy number.

Measurement of iron-related and hematological parameters

Serum iron and liver non-heme iron were measured by using a colorimetric assay according to the
manufacturer’s protocol (Sekisui Diagnostics). Prior to sampling, livers were homogenized to reduce variation
resulting from regional differences in hepatic iron deposition. Hemoglobin levels, red-blood-cell counts, and
hematocrit % were determined by using a HemaVet blood analyzed (Drew Scientific).

Quantification of serum and urinary proteins and metabolites

Serum ERFE concentrations were determined as previously described (Kautz et al., 2015) with the substitution
of DELFIA europium-conjugated streptavidin for horseradish peroxidase conjugated streptavidin. Fluorescence
was measured by CLARIOstar plate reader. Serum hepcidin concentrations were determined by ELISA as
detailed previously (Kautz et al., 2014b). Serum urea nitrogen concentrations were measured by using the
QuantiChrom Urea Assay Kit (BioAssay Systems), urinary albumin using the Mouse Albumin ELISA Kit (Abcam,
ab108792) and urinary creatinine using the Creatinine (urinary) Colorimetric Assay Kit (Cayman Chemical), all
in accordance with the manufacturers’ protocols.

RNA isolation and measurement of gene expression

Total RNA isolation was performed by using TRIzol (ThermoFisher Scientfic). cDNA was synthesized using the
iScript cDNA Sythesis Kit (Bio-Rad) following the manufacturer’s protocol. Relative mMRNA expression for genes
of interest were determined by quantitative RT-PCR using SsoAdvanced Universal SYBR Green Supermix (Bio-
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Rad) and measured on a CFX-96 RT-PCR Detection System (Bio-Rad). Primer sequences used in this study
are listed in Supplemental Table 1.

Behavioral testing

All behavioral testing was performed at the UCLA behavioral testing core facility by personnel blinded to the
mouse genotype. Mice were transferred to the testing facility and allowed 1 week to acclimate prior to testing
between 11 and 13 weeks of age. Open-field testing was performed for a duration of 30 minutes in an empty
and dimly lit, light intensity less than 20 lux, square area measuring 30 cm per side. Mouse movement was
recorded automatically and analyzed by using ANY-maze software (Stoelting). Righting reflex of experimental
animals was assessed by flipping animals held by the tail, so that the animal passed through an inverted position,
to an approximate height of 25 cm. Landing position of the mouse was recorded and a score of 0, 1, or 2 given
to mice that landed on their feet (0), side (1), or back (2), respectively. Righting reflex testing was performed
three times per mouse and the highest value recorded. Negative geotaxis testing was assessed by placing mice
facing downwards on a declined surface. Mouse movement was recorded for a duration of 30 s and a score of
0, 1, 2, or 3 was given to mice that turned to face upslope and climbed (0), turned without climbing (1), moved
without turning (2), or did not move (3). Reaction to auditory stimulation was measured by the degree of visible
response to a 20 KHz sound with a volume of 90 dB at mouse location. A score of 0, 1, 2, or 3 was given to mice
that did not respond (0), exhibited a pinna reflex (1), jumped < 1 cm (2), or jumped > 1 cm (3). Wire maneuvering
capacity was assessed by the ability of mice to hang onto a wire and navigate to an attachment post when
allowed to initially establish a foreleg grip. A score of 0, 1, 2, 3, or 4 was assigned to mice that demonstrated
active hindleg grip (0), impaired hindleg grip (1), inability to grip with hindlegs (2), inability to lift legs followed by
falling (3), or immediately falling (4).

Bone histomorphometry analysis

Mouse femurs were dehydrated and fixed in 70% ethanol prior to embedding in methyl methacrylate. Sections
cut longitudinally at a thickness of 5 ym were stained with toluidine blue (pH 6.4) and used for static bone
parameter analysis on a total of 20 fields per sample by using a OsteoMeasure morphometry system
(Osteometics, Atlanta) at a distance of 200 um from the growth plate. Results for individual parameters are listed
using accepted units and terminology recommended by the Histomorphometry Nomenclature Committee of the
American Society for Bone and Mineral Research (Dempster et al., 2013).

Statistical analysis

Statistical analysis was performed by using the statistical package included in Prism version 8 (GraphPad).
P<0.05 was considered statistically significant. For each individual transgenic mouse line and its wild-type
littermates, means of experimental groups, defined by genotype and sex, were compared with others by using
either student’s t-test, Welch’'s ANOVA, or Two-way ANOVA where indicated. In the event of significant
differences between group means after one-way ANOVA analysis, individual group means were compared by
using an unpaired-t-test with Welch’s correction. Significant interaction between variables during two-way
ANOVA testing was followed by Sidak’s multiple comparisons test to determine significant differences between
wild-type and transgenic mice within each sex. Analysis of observed vs expected ratios when analyzing
transgene inheritance was performed by using binomial testing and an expected transgene incidence of 50%.
Fisher's exact test was used to analyze differences in phenotypic incidence between groups. In behavioral
analysis, to identify outliers in a group of mice, ROUT analysis (Prism version 8, GraphPad) was performed with
a false discovery rate set at 0.1%.

Results
Generation of Erfe-overexpressing mice

To model the erythroid overexpression of Erfe in anemias with ineffective erythropoiesis (Kautz et al., 2014b),
we targeted transgenic Erfe expression to erythroid cells. We generated mice that selectively overexpress Erfe
in erythroid cells by pronuclear injection with a transgene construct that placed Erfe expression under the control
of the human 3-globin promoter and the B-globin locus control region (Figure 1A). Transgenic mice from all lines
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Figure 1. Generation of Hbb-Erfe mice and analysis of Erfe overexpression. A) Structure of the transgene construct.
Bone marrow Erfe mRNA in B) 6 week-old and C) 16-week old mice. D) Serum ERFE levels of 6-week-old mice, E)
Relationship between serum ERFE protein levels and marrow Erfe mRNA, regression line Y=3.19* X253 (r2 =0.51). In all
panels, male (M, square) and female (F, round); mean of each group is shown by blue line, TG = Erfe-overexpressing
mice (line-L pink, line-M red, and line-H dark red symbols) and WT = wild-type littermate controls (white symbols). Within
each individual transgenic line, groups were compared by two-way ANOVA to determine significant effects (P<0.05, bold
red) of genotype and sex on data variation and to identify interactions between these variables. Cohort numbers for
mRNA and serum analysis are shown.
had elevated bone marrow Erfe expression relative to wild-type littermate controls (Figure 1B). Bone marrow
Erfe mRNA expression differed between the three lines leading us to identify the respective lines as high (line-
H), medium (line-M), and low (line-L) Erfe-overexpressing mice. Lines H and M had been derived from the
highest-expressing founder. Genomic sequencing identified the haploid transgene insertion site on Chr. 4, from
11985998 to 12010497, overlapping into gene 1700123MO08Rik noncoding RNA of unknown function. The H and
M lines differed by transgene copy number (3 vs 1), resulting from a rare spontaneous deletion of two tandem
copies of the transgene. Line-L was derived from another lower-expressing founder and was not further
genomically characterized. Transgene expression was similar at 6- and 16-week time points chosen for detailed

analysis (Figure 1B, C).

Serum ERFE levels in line-L transgenic mice were near the threshold of detection by ELISA, below levels
measured in WT mice after EPO injection or in Hbb™%* thalassemic mice (Kautz et al., 2015). Compared with
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line-L, serum ERFE levels were 20x higher in line-M and 200x in line-H transgenic mice (Figure 1D).

A Line L Line M Line H B Line L Line M Line H
Gt: P<0.0001 Gt: P<0.0001 Gt: P<0.0001 Gt: P<0.0001 Gt: P<0.0001 Gt: P<0.0001
Sex: P=0.022 Sex: P<0.0001 Sex: P=0.01 Sex: P<0.0001 Sex: P<0.0001 Sex: P<0.0001
a Int: P=0.428 Int: P=0.0007 Int: P=0.082 — Int: P=0.302  Int: P=0.041 Int: P=0.0001
R - 9 _ 4 ok kK
g’- 350 &5 390 i
= 300 2 300 °
c c
O 250+ *okkk O 2504 :
= — = 5
@ 200 ® o 200 . PRk
£ ook ‘ L) £ i
@ 150 M — g o 150 *okokok I; ]
£ s $ & ¥ £ 5; H
g™ 2 2 & 7% E@% % %
50 50+ i | |
s Tafs’e & wis 5 V&0 t®
— v 1 I 1 T 1 1 1 I I 1 I 1 -
- -
& o L 40 @ o L 40 0 o c: e 0
SO V‘{K‘«‘“ P “é XA “é ¢ V‘%
. . . Line L LineM Line H
th,',',rl?, 3L44 th-_ ',:‘fu";‘us Gl." ;25;01 D Gt P<0.0001 Gt P<0.0001 Gt: P<0.0001
Sex: P=0.602 Sex: P=0.695 Sex: P=0.895 Sex: P=0.019 Sex: P=0.146  Sex: P=0.491
"Ban f . Baf) - - Daf) - Int: P=0.297  Int: P=0.966 Int: P=0.396
Int: P=0.872 Int: P=0.295  Int: P=0.331
60 - 607
_ : g "
o
3 o g £ = o
= 40 O a® 40 _
5 B o &8 *@ 52 s o & & 2o®
= g %% %7 g " % = @ o ® o é 1 H
£ &‘ e o £ % ®° @' o B H
20- 5 20-
° e 5 ﬁ o in|
)
7] (7] °© B o
0 T T T T T T | T | T T 1 0 T 1 T 1 1 T T
O © Q © O (<] CRAPE) o & CJ « 0 ’\ 0
LineL Line M Line H Line L Line M Line H
E Gt P=0.497 Gt P=0.089 Gt: P=0.013 F Gt: P=0.745 Gt P=0.206 Gt: P=0.082
Sex: P=0.002 Sex: P=0.146 Sex: P=0.324 Sex: P=0.024 Sex: P=0.003 Sex: P=0.047
— Int- P=0.04  Int- P=0.956 It P=0.735 - Int: P=0.995  Int: P=0.041 Int P=0.986
£ 600- £ 600 ns
G = [
g) S E g) o * : Ie)
~ — ~ @© °
£ 400 o R =R £ 400 1 oe® o
$" P 8%,e3l TE. &
T} M o®pg ,© Om 'S @Euooo& oﬂoEl
Q 0 B¥o ] =l [ Y o o e [ e o e
2 200 - ] W‘ A @ 00 O % finl ‘
A e B SR LRy Mo ET YR pe
g =F oD o ; g = F : L ’
C &I :E Ly - -
g 0 T L ? 8 0
0 C'l <] <) O (? 0 0
s“<~ s‘l@ s‘;« M RV s“<\ e“@ é\\ M s‘;é M
c ; ) ) c Line L Line M Line H
8 G LineL LineM Line H 2 Gt: P=0.008 Gt: P<0.0001 Gt: P<0.0001
° Gt P=0.050 Gt:P<0.0001 Gt P<0.0001 ® Sex:P=0.151 Sex:P=0.102 Sex:P=0.362
£ Sex:P=0.077  Sex:P=0.145  Sex:P=0.431 £ Int: P=0.788  Int: P=0.02 It P=0.557
S 254 Int:P=0.021  Int:P=0.623 Int: P=0.531 & -
& o &
c c . koK K
204 o 20 :
g * H c : D' 1
[ = — = D 154 ;
$8¥ s o © 0 g3 o °
=% i Hs! = o ** 0
-~ . o] o - | o
cE 1070 g _09_ E el g @& c £n 8 @ ﬁ _é_
] © 9o = ey
‘5 A2 o " m : ? 5+ %
2 5%Eo—en g & m a % %Di ,@ @
2 o2 2ol o 2 g
'; O —T—T T T 17 'E 0
(] O <] <] O 2 0 0 0
2 R R R 2 & “% “i:é‘ & “‘\é‘ €
w 0

Figure 2. Erfe overexpression causes dose-dependent iron accumulation and inadequate hepcidin expression.
Liver non-heme iron (A, B), serum iron (C, D), serum hepcidin (E, F), and serum hepcidin relative to liver iron (G, H)
levels at 6 (A, C, E, G) and 16 (B, D, F, H) weeks of age in male (M) and female (F) Erfe-overexpressing (TG) mice
and wild-type (WT) littermate controls from line-L (white/pink), line-M white/red), and line-H (white/dark red). ); mean of
each group is shown in blue. For each mouse line, groups were compared by two-way ANOVA to determine effects of
genotype and sex on data variation (significant differences denoted in bold red) and to identify interactions between
these variables. In the event of significant interaction between genotype and sex, individual groups were compared by
Sidak’s multiple comparisons test (ns=P>0.05, *=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001).
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Figure 3: ERFE enhances erythropoiesis in a dose-dependent manner. Hemoglobin levels (A, B), red blood cell
(RBC) counts (C, D), and differences in MCV relative to male wild-type (WT) litermates (E, F) at 6 (A, C, E) and 16
(B, D, F) weeks of age in male (M) and female (F) Erfe-overexpressing (TG) mice and WT littermate controls from
line-L (white/pink), line-M (white/red), and line-H (white/dark red), ); mean of each group is shown in blue. Groups
within each individual line were compared by two-way ANOVA to determine significant effects of genotype and sex on
data variation and to identify interactions between these variables (P<0.05 denoted in bold red). In the event of
significant interaction between genotype and sex, individual groups were compared by Sidak’s multiple comparisons
test (NS=P>0.05, *=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001).

Interestingly, moderate differences in mRNA bone marrow Erfe expression led to much larger differences in
circulating ERFE levels between transgenic lines (Figure 1E).
Erfe overexpression causes iron overload and elevated hemoglobin levels

Erfe overexpression increased liver non-heme iron levels in a dose-dependent fashion. At 6 weeks of age,
transgenic mice from lines L, M and H respectively loaded ~2, ~3.6 and ~4.2 times more liver non-heme iron
than their wild-type littermate controls (Figure 2A). The effect of elevated Erfe expression on liver iron
accumulation persisted in 16-week-old transgenic mice (Figure 2B). In all transgenic lines at both ages, females
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had higher liver iron levels than males, consistent with the previously described sex differences in iron loading
of the C57BL/6 strain (Courselaud et al., 2004). Serum iron was also elevated in both male and female transgenic
mice from line-M and H, but not line-L, at 6 weeks of age (Figure 2C), and elevated in transgenic mice aged 16
weeks in all lines relative to wild-type littermates (Figure 2D).

Serum hepcidin concentrations in Erfe-transgenic mice would be expected to be determined by the balance
between the suppressive effect of ERFE on hepcidin synthesis and the stimulatory effect of increased hepatic
and plasma iron concentrations (Corradini et al., 2011; Ramos et al., 2011). In line-L transgenic mice at 6 or 16
weeks of age, serum hepcidin concentrations were similar to those of WT mice (Figure 2E, F), consistent with
these transgenic mice reaching a stable level of iron overload by 6 weeks. In line M, the mean serum hepcidin
concentrations were lower in transgenic than WT mice but this reached statistical significance only in males at
16 weeks. In line-H, hepcidin was significantly suppressed in both sexes at 6 weeks. Importantly, the ratio of
serum hepcidin concentrations to liver non-heme iron content indicates inappropriately low hepcidin production
relative to the severity of iron loading in all transgenic groups except for 6-week old, line-L males. (Figure 2G,
H).

At both 6 and 16 weeks of age, transgenic mice from line-H had elevated hemoglobin levels (Figure 3A, B) but
not RBC counts (Figure 3C, D). Increased hemoglobin levels were attributable to larger erythrocytes (Figure
3E, F). We did not detect consistent differences in hematological parameters between transgenic and wild-type
mice in the M or L line.

Tissue-selective effect of Erfe overexpression on BMP signaling

ERFE has recently been reported to act as a BMP antagonist (Arezes et al., 2020a; Arezes et al., 2018). The
high concentration of erythroid Erfe-overexpressing cells in the bone marrow raised the possibility that ERFE
may locally suppress BMP signaling in that organ. However, we found no suppressive effect of ERFE on the
expression of the BMP target genes Smad7 or Id1 at 6 weeks of age (Figure S1A-B), and Bmp2 or Bmp6
expression in the bone marrow was also not affected (Figure S1C-D).

To determine if chronic Erfe overexpression in erythroid cells impairs BMP signaling in the liver, an organ which
suppresses hepcidin in response to acute increases in ERFE levels within the physiologic range, we measured
the expression of the BMP-responsive genes Hamp, Smad7 and Id1 in livers from Erfe-overexpressing mice and
wild-type littermates at 6 weeks of age. At higher Erfe expression levels, we detected a suppressive effect on
the hepatic expression Hamp and Smad7 but not /d1 (Figure 4A-C). We also assessed the effect of ERFE on
the expression of BMP ligands, specifically Bmp2 and Bmp6 that play critical roles in iron sensing by the liver
(Canali et al., 2017; Koch et al., 2017). There was no effect of Erfe overexpression on the hepatic mRNA levels
of Bmp2 and Bmp6 (Figure 4D-E).

Erfe overexpression affects growth and organ size

ERFE circulates in blood and its effects on BMP signaling could therefore affect morphogenesis and homeostasis
in any organ or tissue. We detected a dose-dependent effect of ERFE on body weight, with higher levels of
ERFE resulting in lower body weights. Male transgenic mice from line-H had consistently reduced body weights,
compared with wild-type littermates, between the ages of 3 and 16 weeks (Figure 5A). Female transgenic mice
from Line-H also maintained lower body weights after weaning but the difference between female transgenic and
wild-type mice resolved with age. A small but significant effect of genotype on body weight was also detected in
transgenic mice from line-M, with male transgenic mice displaying a larger difference from wild-type controls
compared to female transgenic mice (Figure S2A). Transgenic mice from line-L, of either sex, did not differ in
weight compared with wild-type littermates (Figure S3A). Analysis of selected tissues and organs revealed a
reduction in the size of gonadal fat pads and kidneys, even after adjusting for reduced total body weight, in line-
H transgenic mice at 6 and 16 weeks of age (Figure 5B, C). Smaller kidney size in line-H transgenic mice was
associated with reduced kidney function as indicated by elevated serum urea nitrogen levels at 6 and 16 weeks
of age (Figure 5D). However, kidney morphology did not appear altered as a result of Erfe overexpression in
this line and we detected no increase in proteinuria, as determined by urinary albumin to creatinine ratio, in line-
H transgenic mice compared with wild-type littermates at 16 weeks of age (Figure 5E).
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Figure 4. Effect of Erfe overexpression on liver BMP signaling. Relative mRNA expression of A) Hamp, B) Smad?7,
C) /Id1, D) Bmp2 and E) Bmp6 in the liver at 6 weeks of age in male (M) and female (F) Erfe-overexpressing (TG) mice
and wild-type (WT) littermate controls from line-L (white/pink), line-M (white/red), and line-H (white/dark red), mean of
each group is shown in blue. Groups within each individual line were compared by two-way ANOVA to determine
significant effects of genotype and sex on data variation and to identify interactions between these variables (P<0.05
denoted in bold red). In the event of significant interaction between genotype and sex, individual groups were compared
by Sidak’s multiple comparisons test (NS=P>0.05, *=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001).

In line-M no differences in individual tissue weights were detected with the exception of lower relative kidney size
in line-M transgenic mice compared with wild-type littermates that was statistically significant in females, at 16
weeks of age (Figure S2B-l). No effect of Erfe overexpression on individual tissue or organ weights was detected
in line-L mice (Figure S3B-E). Among other tissues analyzed from line-H mice (Figure S4), the only consistent
difference in weight, present at both 6 and 16 weeks of age, between transgenic mice and wild-type controls
was the brain. Brain weights from transgenic mice comprised a greater relative proportion of total body weight
compared with those of wild-type littermates (Figure S4A). However, this difference was primarily attributable to
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the lower body weights of transgenic mice rather than an absolute difference in brain weights, which were the
same in transgenic and wild-type littermates. Erfe overexpression resulted in significantly reduced inguinal white
adipose tissue in 6-week-old, line-H transgenic mice (Figure S4B) and elevated spleen weights (Figure S4E),
relative to total body weights, but these differences were not observed at 16 weeks of age.
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Figure 5. High ERFE expression causes reduced body and kidney mass in line-H mice. A) Growth curves
from ages 3 to 16 weeks of age. Statistical significance of the effect of genotype on data variation between body
weights of sex-matched wild type (WT) and transgenic (TG) mice determined by 2-way ANOVA are displayed to
the right of their respective curves. Statistically significant differences (P<0.05) between sex-matched WT and TG
body weights at individual time points, determined by Student’s t-test, are indicated by asterisks (*) above or below
curves for males and females, respectively. B) Decreased mass of gonadal white adipose tissue (WAT) pads and
C) kidneys from line-H mice as a percentage of total body weight at 6 and 16 weeks of age. D) Serum blood urea
nitrogen (BUN) in line-H mice at 6 and 16 weeks of age and E) urinary albumin-creatinine ratio (ACR) in line-H
mice at 16 weeks of age. Groups at each age were compared by two-way ANOVA to determine significant effects
of genotype and sex on data variation and to identify interactions between these variables (P<0.05 denoted in bold
red). In the event of significant interaction between genotype and sex, individual groups were compared by Sidak’s
multiple comparisons test (NS=P>0.05, *=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001).

As bone development and homeostasis is regulated by BMP signaling (Bandyopadhyay et al., 2006; Mishina et
al., 2004; Tsuji et al., 2006), we performed bone histomorphometry in female line-H mice at 6 weeks of age to
analyze the effect of erythroid overexpression of Erfe on steady-state bone homeostasis. We detected no
significant differences in any measured parameters of bone development, mineralization, or cell populations

(Table S2). Although Erfe-overexpressing mice tended to have increased osteoid thickness relative to wild-type
littermates this difference was not statistically significant.
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Figure 6. Impaired postnatal survival and unilateral anophthalmia in line-H transgenic mice. Number and within-
sex percentage of wild-type (WT) and transgenic (TG) mice, grouped by sex, from line-H breeding surviving at A) 3
weeks of age or B) in utero at embryonic day 17.5-18.5. Statistically significant differences from expected proportions
were assessed by binomial testing. C) Examples of unilateral anophthalmia in line-H TG mice. Top and bottom panels
show the same pup rotated to demonstrate, in TG mice, normal (bottom) or impaired (top) eye development compared
with WT littermates.

Erfe overexpression impairs pup survival and causes developmental and behavioral abnormalities

In line-H mice, we detected divergence from the predicted mendelian ratio of 50% transgenic pups generated by
breeding monoallelic transgenic mice with wild-type mice. The percentage of transgenic mice from line-H
surviving to weaning was lower than in their WT littermates. Males were more severely affected with only 32.8
% of surviving pups being transgenic compared with 43% in females (Figure 6A). This difference in inheritance
was highly statistically significant for males and borderline significant for females. Reduced survival of male
transgenic pups was observed regardless of dam genotype. To determine if this divergence from expected
mendelian inheritance was attributable to loss of pups during embryonic development, we analyzed genotypes
from line-H pups towards the end of gestation between embryonic day 17.5 and 18.5. Here the proportion of
transgenic to wild-type pups did not significantly differ from the expected ratio of 50%, and there was a
nonsignificant trend towards a greater than expected proportion of male mice being transgenic (Figure 6B).

Together these data suggest a postnatal loss of male transgenic mice from line-H. No divergence from expected
transgene inheritance ratios was observed in litters from either line-L or line-M breeding (Figure S5). Line-H
transgenic mice also occasionally presented with permanent eyelid closure of a single eye, occurring in
approximately 5% of transgenic mice from this line. Unilateral anophthalmia was seen in developing embryos
between days E17.5 and 18.5 in approximately 5% of transgenic mice but not in wild-type littermates (Figure
6C). Eye abnormalities were not observed in transgenic mice from either line-M or line-L.
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Transgenic mice from line-H displayed compulsive circling behavior detectable as early as 3 weeks of age and
the behavior persisted with aging (Supplemental video file). Circling had incomplete penetrance, affecting 38%
of line-H transgenic mice with similar incidence in males and females, but was not observed in wild-type
littermates (Figure 7A). Compulsive circling was not observed in transgenic mice from either line-M or L.
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Figure 7. Repetitive circling behavior and impaired motor/vestibular function in line-H transgenic mice. A)
Incidence of overt circling behavior in line-H mice. Numerical values on bars indicate animal number per pattern of
movement. Statistically significant differences in locomotion pattern between groups of the same sex were
determined by Fisher’s exact test (****=P<0.0001). B) Total rotations completed by mice during open-field testing.
Groups were pooled and analyzed for outliers by ROUT test at false discovery rate Q=0.1%. P<0.05 by Fisher exact
test for proportion of outliers in TG vs WT mice. C) Absolute values of rotation-direction preference and D) total
distance traveled by line-H mice during open-field testing. Groups of WT mice, TG mice with fewer than 150 rotations
during testing (TG (<150)), and TG mice with greater than 150 rotations during testing (TG (>150)) were compared
by one-way ANOVA and groups not sharing a common letter superscript are significantly different (P<0.05). E)
Incidence of impaired outcomes during righting reflex or negative geotaxis testing in line-H mice. A mouse was
designated as “impaired” if its combined score from the righting reflex and negative geotaxis testing was >0. Mice
categorized as normal had a combined score of 0 on these tests. Statistical significance of the difference in incidence
of impairment between groups was determined by Fisher’s exact test (***P<0.001).

To detect any associated neurobehavioral abnormalities, we performed a battery of behavioral tests in line-H
mice between 11 and 13 weeks of age. During a 30 minute open field test, using automated measurement of
mouse movement, mice previously identified as displaying the circling phenotype manifested a greatly increased
number of rotations while the majority of transgenic mice exhibited a similar number of rotations as their wild-
type littermates (Figure 7B). Data from male and female mice were combined as analysis by two-way ANOVA
indicated no effect of sex on parameters measured during open field testing (Figure S6). By ROUT outlier
analysis (Figure 7B), transgenic mice were considered high-circling if they performed more than 150 rotations
during open field testing, ~1.5x the highest number of rotations observed in wild-type mice. Individual high-
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circling transgenic mice displayed a clear preference for a single direction of rotation (Figure 7C), but as a group
had no overall preference for either the clockwise or counter-clockwise direction (Figure S6A). The direction of
rotation in individual mice was random in low-circling transgenic mice (Figure 7C). During the open field test
high-circling transgenic mice were more active and traveled a greater distance compared with low-circling
transgenic mice and wild-type littermates (Figure 7D). A significant difference in activity between wild-type and
low-circling transgenic mice was also detected, attributable to several low-circling transgenic mice that exhibited
a greater amount of rotations during testing than any recorded in wild-type mice but failed to reach the
predetermined threshold to be included in the high-circling group.

To determine if the observed circling phenotype was associated with alterations in vestibular-motor function, we
tested the righting reflex and the negative geotaxis response in line-H mice. Transgenic mice from this line
demonstrated righting-reflex impairment and a trend towards an impaired negative geotaxis response compared
with wild-type littermates (Figure S6C, D). As both these tests measure spatial orientation and neuromuscular
coordination, and as mice that exhibited impairment in either of these test did not necessarily exhibit impairment
in both tests, we combined the results of these tests into a binary categorization of mice as either performing on
these respective tests without detected problems or displaying impairment. Compared with wild-type littermates
a significantly higher percentage of line-H transgenic mice displayed impairment in either righting or negative
geotaxis (Figure 7E), suggesting that high Erfe overexpression is associated with altered vestibular-motor
function. Erfe-overexpressing and wild-type mice were equally responsive to auditory stimulation and
demonstrated similar physical capacity during a wire maneuver test.

Discussion

Extensive evidence supports that erythroid-derived ERFE acts on the liver to suppress hepcidin expression in
response to acute erythropoietic stimuli (Kautz et al., 2014b). ERFE may also contribute to iron overload in
disorders with chronic ineffective erythropoiesis, as suggested by normalization of hepcidin expression by
ablation of Erfe in a murine Th3/+ model of B-thalassemia (Kautz et al., 2015). However, the complex effects of
anemia, tissue hypoxia and hemolysis in this model complicate any direct attribution of phenotypic features in
thalassemia to the effects of ERFE alone. In this study we report that constant, high-level Erfe expression by
erythroid cells is sufficient by itself to attenuate hepcidin responsiveness to iron loading, and to cause systemic
iron overload manifested by increased plasma iron concentrations and hepatic tissue iron stores. The
characterization of multiple transgenic mouse lines expressing varying levels of Erfe allowed for the investigation
of the effect of graded ERFE concentrations on systemic iron homeostasis. Serum ERFE levels in the three lines
of transgenic mice characterized in this study ranged from ~0.5 ng/ml, similar to levels we measured
contemporaneously in Hbb™"®* mice, to ~200 ng/ml, on par with the highest levels reported in humans with B-
thalassemia (Ganz et al., 2017). This wide range of serum ERFE concentrations far exceeded the difference in
expression at the mRNA level between these lines, ~8x between line-L and H, and suggests decreasing
clearance of plasma ERFE at high concentrations. Analysis of liver iron content between transgenic lines
indicates that the effect of erythron-derived ERFE on iron loading is both dose-dependent and saturable at high
levels, as liver iron loading only moderately increased between line-L, -M, and -H transgenic mice, despite
substantially higher serum ERFE levels. Additionally, liver iron accumulation observed in Erfe-overexpressing
mice in this study was generally milder than in Hbb™¥* mice, suggesting iron overload in B-thalassemia is not
solely attributable to the chronic increase in Erfe expression. This conclusion is consistent with previous reports
of incomplete correction of iron overload in Hbb ¥* mice that lacked ERFE or received treatment with inhibitory
anti-ERFE antibodies (Arezes et al., 2020b; Kautz et al., 2015).

Liver hepcidin expression is feedback-regulated by liver iron content and serum iron concentrations (Arezes et
al., 2020a; Ramos et al., 2011). Any suppression of hepcidin by ERFE will cause increased duodenal iron
absorption and hepatic iron accumulation, which in turn raises hepcidin concentrations and inhibits iron
absorption, eventually reaching concentrations of hepcidin that maintain a steady state in which iron
accumulation balances iron losses. Iron loading in Erfe-overexpressing mice of the same line changed little
between 6 and 16 weeks of age in this study, indicating that by the age of 6 weeks enough iron accumulated to
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raise hepcidin to the point of iron balance. Our serum hepcidin measurements in Erfe-overexpressing mice
support this concept as at 6 weeks of age only line-H Erfe-overexpressing mice had significantly suppressed
serum hepcidin levels and in all groups of transgenic mice, with the exception of line-M males, serum hepcidin
concentrations were normalized by 16 weeks of age. The delay in establishment of the iron/hepcidin balance in
line-H transgenic mice is indicative of the dose-dependent nature of this process as higher circulating levels of
ERFE require greater accumulation of iron to stimulate hepcidin expression sufficiently to overcome the effects
of ERFE. The hepcidin levels in Erfe-overexpressing mice in iron balance are similar to those of wild-type
littermates but are inadequate when considered in the context of serum and hepatic iron concentrations.

We observed that line-H Erfe-overexpressing mice had consistently elevated blood hemoglobin concentrations
but not increased erythrocyte numbers, indicative of higher erythrocyte hemoglobin content when compared with
wild-type littermates. Erfe-overexpressing mice from line-M had elevated hemoglobin concentrations at 16 weeks
but not at 6 weeks when their somatic and erythron growth rates were faster. The consistency of these effects
across ages in line-H mice, compared with those from line-M, may be attributable to more profound hepcidin
suppression and subsequent iron availability in this line, compared with line-L or -M mice, as erythropoiesis in
mice and humans is modestly enhanced by hepcidin suppression and increased iron availability (Hanudel et al.,
2017; McCranor et al., 2013). Unlike in mice with physiological erythropoiesis, in the mouse model of B-
thalassemia hepcidin suppression and increased iron supply worsen ineffective erythropoiesis and anemia, as
shown by improved hemoglobin concentrations after interventions that increase hepcidin (Casu et al., 2016;
Gardenghi et al., 2010). A recent report of the detrimental effects of a genetic Erfe variant that increased ERFE
production in congenital dyserythropoietic anemia type Il supports the possibility that chronically elevated ERFE
production and the resulting excess of iron may also worsen anemia in human disorders of ineffective
erythropoiesis (Andolfo et al., 2019).

We examined our model for evidence that the observed effects of ERFE were mediated by suppression of BMP
signaling. Although specifics of the interaction between ERFE and individual BMPs may vary by species
(Melchert et al., 2020), ERFE is reported to interact with BMP2, 4, 5, 6, 7, and a heterodimer of BMP2/6 (Arezes
et al., 2020a; Arezes et al., 2018; Wang et al., 2020). To determine if Erfe overexpression alters BMP signaling
in vivo we assessed the expression of the BMP-responsive genes /d1 (Korchynskyi and ten Dijke, 2002) and
Smad7 (Mleczko-Sanecka et al., 2010) in the liver, a peripheral tissue responsive to ERFE, as well as the bone
marrow, a population of cells that could be subject to the autocrine or paracrine effects of erythroid-derived
ERFE. In the liver we identified a suppressive effect of moderate or high Erfe overexpression on Smad7, but not
Id1 expression. Despite the potential for local BMP inhibition by erythroid Erfe overexpression, we did not detect
a decrease in the expression of /d1 or Smad7 in the bone marrow of Erfe-overexpressing mice compared with
wild-type littermates. This lack of effect is unlikely to be attributable to a compensating increase in BMP
expression by cells in the marrow as expression of Bmp2 and Bmp6 did not show a dose-dependent trend
towards increased expression across lines of Erfe-overexpressing mice. Differential sensitivity of tissues to the
effects of ERFE suggests that the mechanism of ERFE action may depend on differences in local BMP signaling
mechanisms. The sensitivity of certain cell types over others to the action of ERFE raises the possibility of an
alternative, receptor-based mechanism of ERFE signaling in addition to acting as a BMP antagonist. However,
no receptor for ERFE has yet been identified, despite unbiased screens by our lab and others.

While the abnormalities in transgenic mice with low to moderate circulating levels of ERFE were almost entirely
limited to iron homeostasis, line-H transgenic mice displayed a multifaceted phenotype including increased
postnatal mortality, reduced body weight and gonadal adipose tissue weight, reduced kidney size and function,
occasional unilateral anophthalmia, and compulsive circling behavior. We considered the possibility that the
multiple abnormalities in line-H were caused by disruption of a critical gene at the site of transgene insertion.
However, we found no evidence for this possibility by genomic sequencing. Specifically, lines-M and -H, derived
from the same founder but differing in transgene copy number, share the same insertion site on Chr. 4
overlapping a gene for a noncoding RNA of unknown function and the corresponding genomic sequence on the
other copy of Chr. 4 is wild-type. Rather, the spectrum of abnormalities in line-H transgenic mice is consistent
with disruption of signaling by select BMPs during embryonic development or early growth. BMP signaling plays
a key role in a wide range of physiological processes involved in both the development and homeostatic
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maintenance of various organs (Bandyopadhyay et al., 2006; Blauwkamp et al., 2007; Dudley et al., 1995; Yoon
et al.,, 2005). ERFE was also identified as a vascular morphogen in Xenopus embryos where it acts by
antagonizing BMP4 (Melchert et al.,, 2020). Our observations raise the possibility that some of the
nonhematologic complications experienced by patients with ineffective erythropoiesis (Karimi et al., 2007;
Musallam and Taher, 2012; Rodda et al., 1995) could either be caused or exacerbated by disrupted BMP
signaling.

Deletion of Bmp7 in mice leads to impaired embryonic kidney development (Karsenty et al., 1996; Luo et al.,
1995). In the present study line-H transgenic mice kidney size was reduced compared to wild-type littermates
and this manifested as reduced kidney function without evidence of kidney malformation or disruption of the
barriers that prevent protein loss in urine. We also detected an effect on eye development in line-H mice, with a
small percentage of Erfe-overexpressing mice presenting with unilateral anophthalmia. Eye development is
regulated, in part, by BMP signaling (Dudley et al., 1995; Karsenty et al., 1996) and disruption of BMP signaling
by conditional deletion of BMP receptors in the eye during embryonic development leads to anophthalmia (Murali
et al., 2005). In the present study we did not observe any instances of bilateral anophthalmia and in eyes that
successfully developed we detected no morphological differences. The observed abnormalities in kidney size
and eye development in line-H, Erfe-overexpressing mice may result from altered BMP signaling in utero as
transgene expression controlled by the construct used to generate Erfe-overexpressing mice in this study is
reported to occur in erythroid cells at early stages of embryonic development as well as postnatal life (Peterson
et al., 2004). BMP signaling is also linked to the development of the vestibular system of the inner ear in mice
(Blauwkamp et al., 2007), potentially providing an explanation for the compulsive circling behavior seen in a
subset of line-H transgenic mice. Behavioral testing revealed that while less than half of line-H transgenic mice
exhibit obvious circling behavior, most display some degree of vestibular-motor dysfunction, as determined by
either an altered righting reflex or response during negative geotaxis testing. BMP4 is required for normal
vestibular function and BMP4*- mice demonstrate circling behavior (Blauwkamp et al., 2007), similar to line-H
transgenic mice in the present study. While mouse ERFE is reported to not inhibit BMP4 (Melchert et al., 2020),
ERFE may interact with and inhibit BMP4 heterodimers formed with other BMPs, e.g. BMP7 (Kim et al., 2019).

We found that body weight and postnatal survival were also affected by high-level Erfe overexpression. Erfe-
overexpressing mice from line-H had lower body weights during early life, prior to weaning, but both sexes
demonstrated either a similar or increased rate of growth after weaning, suggesting that the observed difference
in body weight early in life may be due to problems with suckling that begin to resolve with the adoption of solid
food. Altered postnatal survival and decreased body weights were more prominent in male line-H Erfe-
overexpressing mice compared with females, despite similar circulating ERFE levels between sexes. This
difference in phenotype severity based on sex may be attributable to differences in basal, tissue-specific
expression of BMPs between sexes, with female mice expressing greater levels of BMPs, driven by estrogen
signaling (Ong et al., 2004; Zhou et al., 2003), possibly compensating for BMP inhibition by ERFE. In this study
we detected a significant effect of sex on liver Bmp2 and Bmp6 expression with higher-relative expression in
females compared with males across all transgenic lines, with the exception of Bmp6 expression in Line-H.
However, in the bone marrow we did not find a consistent effect of sex on Bmp2 or Bmp6 expression across
mouse lines, suggesting that the sex-related differences in the liver may be the result of higher liver iron levels
in female mice.

In line-H transgenic mice compared with wild-type littermates, we consistently observed a reduction in the relative
mass of gonadal white adipose tissue, a visceral fat deposit. The mass of subcutaneous inguinal fat was also
reduced in this line but only at 6 weeks of age. Adipogenesis is regulated by nuanced interplay between BMP
signaling and antagonism (Blazquez-Medela et al., 2019) (Gustafson et al., 2015), suggesting that ERFE may
modulate adipocyte homeostasis through BMP inhibition. A preferential effect of ERFE on visceral fat compared
with subcutaneous fat, as the present study suggests, may be due to differences in the expression of, or
receptivity to, specific BMPs by adipocytes or adipose progenitor cells in these compartments (Guiu-Jurado et
al., 2016) (Macotela et al., 2012). ERFE is reported to alter BMP2 signaling in a “depot-specific’ manner in vitro,
altering BMP signaling to a greater degree in adipocytes derived from some adipose compartments compared
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with others (Denton et al., 2019). Reduced adiposity in response to Erfe overexpression also supports previous
findings of increased adipose deposit size in Erfe-deficient mice (Little et al., 2019).

A well-documented complication of B-thalassemia is a loss of bone mineral density associated with marrow
expansion driven by chronic erythropoietic stimulation (Tyler et al., 2006). We hypothesized that high-level Erfe
expression in nearby erythroid cells of the bone marrow would result in altered BMP signaling in osteoblasts or
osteoclasts and lead to alterations in bone mineralization or morphology, potentially contributing to observed
bone remodeling in response to persistent anemia. However, we observed no clear difference in steady-state
bone histomorphometry between line-H Erfe-overexpressing mice and wild-type controls. The lack of effect of
ERFE on bone development and mineralization was unexpected given the substantial effects, including
spontaneous fractures, observed in bones of mice overexpressing other BMP antagonists (Devlin et al., 2003a;
Gazzerro et al., 2005). However, in these studies BMP antagonists were overexpressed selectively in cells of
the osteoblast lineage and likely exhibited autocrine inhibition of BMP signaling in osteoblasts, unlike in the
present study where endocrine or paracrine BMP inhibition by ERFE predominated. We found no evidence that
increased systemic ERFE levels substantially alter bone homeostasis in mice during basal conditions.

The observed adverse effect of excessive ERFE production on kidney function is potentially relevant for patients
with B-thalassemia who suffer from renal complications. Kidney dysfunction in the context of B-thalassemia is
incompletely understood but thought to result from a combination of iron-mediated damage, chronic anemia with
renal hypoxia, and treatment with iron chelators that may damage the kidney (Demosthenous et al., 2019).
Signaling by BMP7 is thought to protect against renal fibrosis (Zeisberg et al., 2003) and increased expression
of BMP antagonists may predispose the kidney to tubular injury (Yanagita et al., 2006), exacerbating damage
from excess iron or chelation therapy. In this scenario, reducing the amount or activity of ERFE in patients with
B-thalassemia may represent a potential therapeutic option for preventing kidney damage. It remains to be
determined which aspects of the phenotype observed in mice with high circulating ERFE levels in this study are
the result of altered BMP signaling in utero versus during postnatal life. Relative to human B-thalassemia,
transgenic mice in this study may be more susceptible to abnormal organ development because of species
differences in the timing of increased Erfe expression during embryonic and postnatal development. In humans
with B-thalassemia, anemia and ineffective erythropoiesis does not develop until after birth (Blobel et al., 2015)
because of the protective effect of fetal hemoglobin, whereas transgene expression in our mouse model begins
early during embryonic development (Peterson et al., 2004). Therefore, increased Erfe expression, resulting
from anemia in patients with B-thalassemia, is not expected until the postnatal period, diminishing the potential
effects on organ development. However, elevated ERFE levels in utero would be expected in patients with fetal
anemias such as occur in a-thalassemia, pyruvate kinase deficiency, congenital dyserythropoietic anemia and
other congenital anemias with ineffective erythropoiesis (Blobel et al., 2015). In particular, elevated ERFE could
contribute to developmental abnormalities seen in patients with severe a-globin deficiency (Songdej et al., 2017).

In conclusion, chronically increased blood ERFE levels contribute to iron loading and, at high levels, alter the
development or homeostasis of multiple organ systems. ERFE may be a suitable therapeutic target in anemias
from ineffective erythropoiesis to reduce iron loading and possible organ dysfunction from ERFE-mediated
inhibition of BMP signaling.
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Figure S1. Effect of Erfe overexpression on bone marrow BMP signaling. Relative mRNA expression of
A) Smad7, B) Id1, C) Bmp2, D) Bmp6 in the bone marrow at 6 weeks of age in male (M) and female (F) Erfe-
overexpressing (TG) mice and wild-type (WT) littermate controls from line-L (white/pink), line-M (white/red),
and line-H (white/dark red); group mean is in blue. Groups within each individual line were compared by two-
way ANOVA to determine significant effects of genotype and sex on data variation and to identify interactions
between these variables (P<0.05 denoted in bold red). In the event of significant interaction between genotype
and sex, individual groups were compared by Sidak’s multiple comparisons test (NS=P>0.05, *=P<0.05,
**=P<0.01, ***=P<0.001, ****=P<0.0001).
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Figure S2. Growth and tissue mass in line-M mice. A) Growth curves of line-M mice from ages 3 to 16
weeks of age. Statistical significance of the effect of genotype on data variation between body weights of
sex-matched wild type (WT) and transgenic (TG) mice determined by 2-way ANOVA are displayed to the
right of their respective curves. Statistically significant differences (P<0.05) between sex-matched WT and
TG body weights at individual time points, determined by Student’s t-test, are indicated by asterisks (*) above
or below curves for males and females, respectively. Mass of B) kidneys, C) gonadal white adipose tissue
(WAT) pads, D) inguinal white adipose tissue (WAT) fat pads E) interscapular brown adipose tissue (BAT),
F) liver, G) spleen, H) heart, and I) brain at 6 and 16 weeks of age relative to total body mass; group mean
is in blue. Groups at each age were compared by two-way ANOVA to determine significant effects (P<0.05)
of genotype and sex on data variation and to identify interactions between these variables. In the event of
significant interaction between genotype and sex, individual groups were compared by Sidak’s multiple
comparisons test (NS=P>0.05, *=P<0.05, **=P<0.01, ***=P<0.001).
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Figure S3. Growth and tissue mass in line-L mice. A) Growth curves of line-L mice from ages 3 to 16
weeks. Statistical significance of the effect of genotype on data variation between body weights of sex-
matched wild type (WT) and transgenic (TG) mice determined by 2-way ANOVA are displayed to the right
of their respective curves. Statistically significant differences (P<0.05) between sex-matched WT and TG
body weights at individual time points, determined by Student’s T-test, are indicated by asterisks (*) above
or below curves for males and females, respectively. Mass of B) kidneys, C) liver, D) spleen, and E) heart
at 6 and 16 weeks of age relative to total body mass. Groups at each age were compared by two-way
ANOVA to determine significant effects (P<0.05) of genotype and sex on data variation and to identify
interactions between these variables.
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Figure S4. Mass of various tissues from line-H mice. Mass of A) brain, B) inguinal white adipose tissue (WAT)
fat pads, C) interscapular brown adipose tissue (BAT), D) liver, E) spleen, and F) heart at 6 and 16 weeks of age
relative to total body mass. Groups at each age were compared by two-way ANOVA to determine significant
effects (P<0.05) of genotype and sex on data variation and to identify interactions between these variables.
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Figure S5. Normal postnatal survival of line-L and line-M transgenic mice. Number and within-sex
percentage of wild-type (WT) and transgenic (TG) mice, grouped by sex, from A) line-L and B) line-M
mice surviving at 3 weeks of age. Differences from expected proportions were not statistically significant
by binomial testing at P<0.05.
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Figure S6. Behavior testing in line-H mice. Quantification of A) rotation direction preference during
open-field testing, B) Mean speed of mice during open-field testing, C) negative geotaxis and D)
righting-reflex test performance. Groups were compared by two-way ANOVA to determine significant
effects (P<0.05) of genotype and sex on data variation and to identify interactions between these
variables.
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mHprt CTGGTTAAGCAGTACAGCCCCAA CAGGAGGTCCTTTTCACCAGC
mErfe ATGGGGCTGGAGAACAGC TGGCATTGTCCAAGAAGACA
mHamp TTGCGATACCAATGCAGAAGA GATGTGGCTCTAGGCTATGTT
mid1 ACCCTGAACGGCGAGATCA TCGTCGGCTGGAACACATG
mSmad7 TTGCCTCGGACAGCTCAATTC CGCACTTTCTGTACCAGCTGA
mBmp?2 GATCTGTACCGCAGGCACTC CCGTTTTCCCACTCATCTCT
mBmp6 ATGGCAGGACTGGATCATTGC CCATCACAGTAGTTGGCAGCG

Table S1. Primer sequences used for gRT-PCR

Units abbreviation WT (mean £ SD) TG (mean * SD) P value

Tissue area mm?2 T.Ar 2.871+£0.038 2.86 + 0.064 0.718

Bone volume/tissue volume % BV/TV 11.39 + 4.307 12.9 £ 0.808 0.434
Osteoid volume/bone volume % oviBv 0.611 £ 0.0514 0.704 £ 0.523 0.748
Osteoid surface/bone surface % 0S/BS 6.349 + 3.079 5.821 £ 3.285 0.765
osteoblast surface/bone surface % Ob.S/BS 21.97 £ 5.136 20.06 £5.709 0.53
Osteoclast surface/bone surface % 0Oc.S/BS 4.035 + 1.009 4.179 £ 0.875 0.78
Eroded surface/bone surface % ES/BS 7.652 + 1.846 7.986 £ 1.763 0.736
Trabecular thickness um Tb.Th 29.37 £ 3.29 30.44 £1.718 0.444
Osteoid thickness Hm O.Th 1.223 £ 0.429 1.653 £ 0.386 0.073
Osteoblast #/bone perimeter /mm N.Ob/B.Pm 19.82 £ 4.51 18.28 £ 5.14 0.573
Osteoclast #/eroded perimeter /mm N.Oc/E.Pm 31.45 + 2.682 30.8 £ 2.68 0.658
Trabecular separation um Th.Sp 251.8 £ 81.324 206.4 £ 18.806 0.233
Trabecular # /mm Tb.N 3.824 £ 1.145 4.248 £ 0.343 0.415

Table S2. Bone histomorphometry analysis. Femurs from 6-week old female wild-type (WT, n=6) and
transgenic (TG, n=8) littermate mice were compared using Student t-test.
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