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RED CELLS, IRON, AND ERYTHROPOIESIS

Erythroid overproduction of erythroferrone causes iron
overload and developmental abnormalities in mice
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KEY PO INTS

� ERFE excess causes
iron overload even in
the absence of other
pathology.

� High concentrations of
ERFE cause growth
delay and hypoplastic
kidneys.

The hormone erythroferrone (ERFE) is produced by erythroid cells in response to hemor-
rhage, hypoxia, or other erythropoietic stimuli, and it suppresses the hepatic production of
the iron-regulatory hormone hepcidin, thereby mobilizing iron for erythropoiesis. Suppres-
sion of hepcidin by ERFE is believed to be mediated by interference with paracrine bone
morphogenetic protein (BMP) signaling that regulates hepcidin transcription in hepato-
cytes. In anemias with ineffective erythropoiesis, ERFE is pathologically overproduced, but
its contribution to the clinical manifestations of these anemias is not well understood. We
generated 3 lines of transgenic mice with graded erythroid overexpression of ERFE and
found that they developed dose-dependent iron overload, impaired hepatic BMP signaling,
and relative hepcidin deficiency. These findings add to the evidence that ERFE is a media-

tor of iron overload in conditions in which ERFE is overproduced, including anemias with ineffective erythropoiesis. At
the highest levels of ERFE 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 ERFE in congenital anemias with ineffective
erythropoiesis may not only prevent iron overload but may have additional benefits for growth and development.

Introduction
Systemic iron homeostasis is regulated by the hepatic hormone
hepcidin, which inhibits intestinal iron absorption and the mobili-
zation of stored iron.1 Erythropoietic activity, dependent on ade-
quate iron supply, strongly influences iron homeostasis. During
the physiological response to anemia, within hours after erythro-
poietin (EPO) induction, hepcidin is suppressed,2 increasing iron
flows into blood plasma and iron delivery to the marrow to sup-
port 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,3,4 resulting in excessive
iron absorption and eventual iron overload, even in patients not
undergoing transfusion. The search for factors that suppress
hepcidin in response to increased erythropoiesis5 led to the dis-
covery of erythroferrone (ERFE), a hormone produced by eryth-
roblasts that acts on the liver to suppress hepcidin expression
by hepatocytes.6

Recent studies provided evidence that ERFE inhibits hepcidin
expression by antagonizing select members of the bone mor-
phogenetic protein (BMP) family.7,8 BMP2/6 signaling in hepato-
cytes 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.9,10 ERFE lowers hepcidin transcription by sequestering

the BMP2/6 heterodimer secreted by the sinusoidal endothelial
cells,8 but ERFE also reportedly binds to other BMPs.7,11 Consid-
ering the pleiotropic effects of BMPs, the endocrine effects of
pathologically increased ERFE need not be limited only to
altered hepcidin regulation in the liver.

Although substantial evidence supports the role of ERFE as a
stress hormone that acutely suppresses hepatic hepcidin synthe-
sis in response to erythropoietic stimuli, much less is known
about the chronic effects of ERFE in vivo, which have been ana-
lyzed only in the context of erythropoietic disorders such as
b-thalassemia.12 Patients with b-thalassemia commonly experi-
ence problems that could be linked to disruptions in BMP sig-
naling, including iron overload,13 renal impairment,14 and
skeletal problems such as impaired growth15 or bone mineraliza-
tion16; however, 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. Animal models
of increased ERFE production depend on the stimuli of ane-
mia17,18 or EPO administration,19 but serum ERFE levels in these
models could be orders of magnitude lower than in human
patients with b-thalassemia.12,20 In addition, high EPO levels
exert multiple systemic effects21 beyond increasing Erfe expres-
sion, and these complicate direct attribution of observed pheno-
types to the action of ERFE alone.
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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 6-week-old mice
(B) and 16-week-old mice (C). Serum ERFE levels of 6-week-old mice (D) and 16-week-old mice (E). Relationship between serum ERFE protein levels and marrow Erfe
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The aim of the current study was to determine the effect of
chronically elevated Erfe expression on systemic iron homeosta-
sis and BMP signaling, without the confounding effects of
chronic anemia or EPO treatment, and at a wide range of circu-
lating ERFE levels to include those present in humans with
b-thalassemia and other anemias with ineffective erythropoiesis.
To this end, we generated multiple lines of novel transgenic
mice overexpressing graded levels of erythroferrone in erythroid
cells. We found that chronically elevated Erfe expression results
in dose-dependent hepcidin suppression, dysregulation of iron
homeostasis, and tissue iron accumulation. In addition, at high
levels, chronic Erfe overexpression affects multiple organ sys-
tems influencing pup survival, somatic growth, fat depots, kid-
ney function, and behavior.

Materials and methods
Transgenic mice
A DNA construct targeting gene overexpression to erythroid
cells was generously contributed by Kenneth R. Peterson22 and
engineered to express N-FLAG-mErfe (Figure 1A). Transgenic
founder animals were generated at Cyagen Biosciences by pro-
nuclear injection of fertilized C57BL/6N zygotes. One transgenic
founder gave rise to the high-expressing “H” line and the mod-
erately expressing “M” line, and the second transgenic founder
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 line-specific wild-type (WT) littermate
control mice. Each mouse was genotyped to ensure stability of
transgene copy number.

Additional details are provided in the supplemental Materials
and Methods (available on the Blood Web site).

Results
Generation of Erfe-overexpressing mice
The 3 lines of Erfe transgenic mice, referred to as high (line-H),
medium (line-M), and low (line-L), differed in the magnitude of
Erfe overexpression, but all had increased bone marrow Erfe
expression relative to their line-specific WT littermates (Figure
1B). Line-H and line-M had been derived from the highest-
expressing founder. Genomic sequencing identified the haploid
transgene insertion site on chromosome 4, from 11985998 to
12010497, overlapping into gene 1700123M08Rik noncoding
RNA of unknown function. Line-H and line-M differed by trans-
gene copy number (3 vs 1), resulting from a rare spontaneous
deletion of 2 tandem copies of the transgene. Line-L was
derived from another founder and was not further genomically
characterized. Transgene expression was similar at 6 and 16
weeks (Figure 1B-C).

At either age, serum ERFE levels in line-L mice were near the
threshold of detection by enzyme-linked immunosorbent assay,

below levels previously measured in WT mice after EPO injec-
tion and similar to those of HbbTh3/1 thalassemic mice18 (Figure
1D-E; supplemental Figure 1). Compared with line-L, serum
ERFE levels were �20 times higher in line-M mice and �200
times higher in line-H mice. Interestingly, moderate differences
in messenger RNA (mRNA) bone marrow Erfe expression led to
much larger differences in circulating ERFE levels between trans-
genic lines at either 6 or 16 weeks of age (Figure 1F-G).

Erfe overexpression causes iron overload and
elevated hemoglobin levels
Erfe overexpression dose-dependently increased liver non-heme
iron levels. At 6 weeks, mice from lines L, M, and H, respec-
tively, loaded �2, �3.6, and �4.2 times more liver non-heme
iron than their WT littermates (Figure 2A). The effect of elevated
Erfe expression on liver iron accumulation persisted in 16-week-
old transgenic mice (Figure 2B). Female mice had higher liver
iron levels than male mice, consistent with the previously
described sex differences in iron loading of the C57BL/6 strain.23

Serum iron was also elevated in mice from line-M and line-H,
but not line-L, at 6 weeks (Figure 2C) and increased in 16-week-
old transgenic mice in all lines relative to WT littermates (Figure
2D).

We characterized in detail the pattern of iron loading in line-H
mice at 16 weeks. Histochemical analysis using enhanced Perls
stain showed that hepatic iron accumulation was periportal (sup-
plemental Figure 2A). Liver Tfrc mRNA expression was
decreased, consistent with increased hepatic iron loading, with
no change in the mRNA expression of the hepcidin regulators
Tmprss6 or Tfr2 (supplemental Figure 2B-D). Quantitation of
nonhepatic tissue iron levels exhibited significantly increased
non-heme iron in the pancreas and heart of line-H mice, with a
trend toward increased iron in the spleen (supplemental Figure
2E-G). Moreover, serum ferritin and transferrin saturation were
increased compared with WT control mice (supplemental Figure
2H-I).

Serum hepcidin concentrations in Erfe transgenic mice are
expected to be determined by the balance between the sup-
pressive effect of ERFE on hepcidin synthesis and the stimula-
tory effect of increased hepatic and plasma iron
concentrations.24,25 In line-L mice at 6 or 16 weeks, serum hepci-
din concentrations were similar to those of WT mice
(Figure 2E-F), consistent with these transgenic mice reaching
iron balance by 6 weeks. In line-M, the mean serum hepcidin
concentrations were lower than their WT littermates, but this
finding reached statistical significance only in male mice at
16 weeks. In line-H, hepcidin was significantly suppressed in
both sexes at 6 weeks and trended so at 16 weeks. Importantly,
the ratio of serum hepcidin concentrations to liver non-heme
iron content was lower in transgenic mice than WT mice at
either 6 or 16 weeks, indicating inappropriately low hepcidin
production relative to the severity of iron loading; the exception
was line-L male mice at 6 weeks (Figure 2G-H).

Figure 1 (continued) mRNA in 6-week-old mice (F), regression line Y 5 3.18* X2.5 (r2 5 0.51), and 16-week-old mice (G), regression line Y 5 0.83* X2.4 (r2 5 0.57). In all
panels, male 5 M (square) and female 5 F (circle); the mean of each group is shown by the blue line. TG 5 Erfe-overexpressing mice (line-L, pink symbols; line-M, red
symbols; and line-H, dark red symbols); WT littermate controls are indicated by white symbols. Within each individual transgenic line, groups were compared by using
two-way analysis of variance to determine significant effects (P , .05, bold red) of genotype (Gt) and sex on data variation and to identify interactions (Int) between
these variables. Cohort numbers for mRNA and serum analysis are shown. For significant Int, the effects of Gt in males and females were analyzed using �Sid�ak’s multi-
ple comparisons test: *** P , .001, **** P , .0001
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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)
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At 6 and 16 weeks, line-H mice had elevated hemoglobin levels
(Figure 3A-B) but not red blood cell counts (Figure 3C-D), and
their erythrocytes contained more hemoglobin (Figure 3E-F). A
similar effect was seen in line-M mice at 16 weeks but not 6
weeks. Line-L erythrocyte parameters were not different from
those of WT mice.

Tissue-selective effect of Erfe overexpression on
BMP signaling
In the liver, we detected a suppressive effect of higher ERFE
concentrations on the hepatic expression of Hamp and Smad7
but not Id1 (Figure 4A-C). There was no effect of high-level Erfe
overexpression on the hepatic mRNA levels of Bmp2 and Bmp6
(Figure 4D-E).

We further assessed liver SMAD5 phosphorylation in line-H mice
and found it similar to that of their WT littermates but lower
compared with WT mice fed an iron-rich diet to match their
hepatic iron content (Figure 4F-G; supplemental Figure 3).
Indeed, when normalized to the expression of liver ferritin, a
marker of liver iron stores, the ratio pSMAD5 to total SMAD5
was significantly lower in line-H mice (Figure 4H), suggesting
that ERFE blunts BMP signaling caused by iron loading.

In the kidney (supplemental Figure 4), expression of Hamp and
the sensitive BMP reporter Id426 were significantly lower in the
line-H mice compared with WT mice, with a similar trend in Id1.
Expression of Smad7, Bmp2, and Bmp6 were not different
between WT and Erfe-overexpressing mice. Compared with the
WT littermates, no effect of Erfe overexpression on kidney
SMAD5 phosphorylation was detected.

We also analyzed the effect of transgenic erythroid Erfe in the
fetal liver, where erythropoiesis occurs in close proximity to hep-
atocytes. In embryonic day 18.5 embryos from all lines, hepatic
Hamp expression was markedly suppressed in Erfe-overexpress-
ing mice compared with WT mice, in a dose-dependent fashion
(supplemental Figure 5). Id1 expression was lower but only in
line-H pups. Smad7 expression and the erythroid marker Gypa
were not consistently affected by Erfe overexpression in the fetal
liver. Despite the consistent suppression of Hamp, SMAD5
phosphorylation in the fetal liver was resistant to the effect of
Erfe overexpression. Only line-H male pups displayed a signifi-
cantly reduced pSMAD5/SMAD5 ratio that was not statistically
significant after normalization to ferritin levels (supplemental Fig-
ure 5F-H). This finding suggests that BMP/SMAD signaling in
response to iron functions appropriately in the fetal liver despite
excess ERFE production.

The high concentration of erythroid Erfe-overexpressing cells in
the bone marrow raised the possibility that ERFE may locally
suppress BMP signaling7,11 in that organ. However, we found
no suppressive effect of ERFE on the expression of the BMP tar-
get genes Smad7 or Id1 at 6 weeks of age in any of the lines,
and Bmp2 or Bmp6 expression in the bone marrow was also not
affected (supplemental Figure 6A-D). We did not detect

pSMAD5 by western blotting of marrow cells (supplemental
Figure 6E).

Erfe overexpression affects growth and
organ size
We next surveyed for effects of ERFE on morphogenesis and
homeostasis in potential target tissues. Line-H male mice had
consistently reduced body weight at 3 to 16 weeks, compared
with WT littermates (Figure 5A). Line-H female mice also weighed
less than WT mice until 7 weeks, but the difference resolved with
age. Line-M mice were also lighter than their WT littermates,
again with larger differences in male mice than female mice (sup-
plemental Figure 7A). Line-L mice of either sex weighed the
same as their WT littermates (supplemental Figure 8A).

In line-H mice at 6 and 16 weeks, analysis of selected tissues
and organs revealed smaller gonadal fat pads and kidneys, even
after adjusting for reduced total body weight (Figure 5B-C).
Smaller kidney size in line-H mice was associated with reduced
kidney function, as indicated by elevated serum urea nitrogen
levels at 6 and 16 weeks (Figure 5D), but we detected no
increase in proteinuria in line-H mice compared with WT litter-
mates (Figure 5E). Serum creatinine was also elevated in line-H
mice at 16 weeks of age, but kidney morphology did not appear
altered, and kidney iron status, reflected by renal Tfrc expres-
sion, did not differ between WT and Erfe-overexpressing mice
(supplemental Figure 9). Line-H mice at 6 weeks also had signifi-
cantly reduced inguinal fat pads and increased spleen weights,
relative to total body weights, but these differences were not
observed at 16 weeks. Brain weights (supplemental Figure 10)
from transgenic mice comprised a greater relative proportion of
total body weight compared with those of WT littermates, but
this finding was primarily attributable to the lower body weights
of transgenic mice rather than an absolute difference in brain
weights.

In line-M mice, kidney mass trended lower compared with WT
littermates, but this finding was borderline significant at 6 weeks
and significant at 16 weeks for female mice only. Six-week trans-
genic female mice had smaller gonadal and inguinal fat pads.
No other differences in individual tissue weights were detected
(supplemental Figure 7B-I). No effect of Erfe overexpression on
tissue or organ weights was detected in line-L mice (supplemen-
tal Figure 8B-E).

To analyze the effect of erythroid overexpression of Erfe on
steady-state bone homeostasis (known to be regulated by BMP
signaling27-29), we performed bone histomorphometry in female
line-H mice at 6 weeks. No significant differences were detected
in any measured parameters of bone development, mineraliza-
tion, or cell populations (supplemental Table 2). Because line-H
mice exhibit increased physical activity (discussed in following
section), we examined mRNA expression of bone-associated
markers Bglap1/2, Sp7, and Runx2 in line-M female mice but
detected no significant differences compared with WT mice
(supplemental Figure 11).

Figure 2 (continued) mice and WT littermate controls from line-L (white/pink), line-M (white/red), and line-H (white/dark red). The mean of each group is indicated by
the blue line. For each mouse line, groups were compared by using 2-way analysis of variance to determine effects of genotype (Gt) and sex on data variation (signifi-
cant differences denoted in bold red) and to identify interactions (Int) between these variables. In the event of significant Int between Gt and sex, individual groups
were compared by using �Sid�ak’s multiple comparisons test. P $ .05 (not significant [ns]), *P , .05, **P , .01, ****P , .0001.
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Erfe overexpression impairs pup survival and
causes developmental and behavioral
abnormalities
Unexpectedly, fewer line-H mice survived to weaning than their
WT littermates, independently of dam genotype (Figure 6A). To
determine if this divergence from expected Mendelian inheri-
tance was attributable to loss of pups during embryonic

development, we analyzed genotypes from line-H pups
between embryonic day 17.5 and 18.5. The proportion of trans-
genic to WT embryos did not significantly differ from the
expected ratio of 50% (Figure 6B). Thus, decreased survival of
line-H transgenic mice to weaning is a result of higher perinatal
or postnatal mortality. Line-H transgenic mice also occasionally
presented with permanent eyelid closure of a single eye
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Figure 3. ERFE enhances hemoglobin synthesis in a dose-dependent manner. Hemoglobin levels (A-B), red blood cell (RBC) counts (C-D), and mean corpuscular
hemoglobin (MCH) levels (E-F) at 6 (A,C,E) and 16 (B,D,F) weeks of age in male (M, square) and female (F, circle) WT (white symbols) and Erfe-overexpressing (TG, col-
ored symbols) mice from line-L (white/pink), line-M (white/red), and line-H (white/dark red). Group means are indicated by blue lines, and groups within each individual
line and age group were compared by using 2-way analysis of variance to determine significant effects of genotype (Gt) and sex on data variation and to identify inter-
actions (Int) between these variables (P , .05 denoted in bold red). In the event of significant Int between Gt and sex, individual groups were compared by using
�Sid�ak’s multiple comparisons test. P $ .05, not significant (ns).

444 blood® 20 JANUARY 2022 | VOLUME 139, NUMBER 3 COFFEY et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/3/439/1861268/bloodbld2021014054.pdf by guest on 03 M

ay 2024



0

1

2

3

(p
SM

AD
5/

SM
AD

5)
/F

er
rit

in

W
T TG Fe

A
Fe

O
W

T TG Fe
A

Fe
O

0

2

4

6

8
*

*

pS
M

AD
5/

SM
AD

5

A B

C D

E

F

G H

8 –2

–4

–6

–8

6

4

2

0

–2

–8

–2

–3

–4

–5

–6

–7

–8

pSMAD5-

WT TG FeA FeO

SMAD5-

Ferritin H-

� actin-

-70 kDa

-70 kDa

-25 kDa

-50 kDa

–12

–10

–8

–6

–4

–2

0

–6

*

–4

–2

0

2

M
/W

T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG

M
/W

T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG

M
/W

T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG

M
/W

T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG

M
/W

T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG
M

/W
T
M

/T
G
F/

W
T
F/

TG

–�
Ct

 (H
pr
t-H

am
p)

–�
Ct

 (H
pr
t-l
d1

)
–�

Ct
 (H
pr
t-B
m
p6

)

–�
Ct

 (H
pr
t-S
m
ad
7)

–�
Ct

 (H
pr
t-B
m
p2

)

Gt: P = 0.901
Sex: P = 0.051
Int: P = 0.457

Gt: P = 0.078
Sex: P = 0.004
Int: P = 0.365

Gt: P = 0.002
Sex: P = 0.086
Int: P = 0.951

Gt: P = 0.552
Sex: P = 0.0003
Int: P = 0.983

Gt: P = 0.208
Sex: P = 0.0001
Int: P = 0.021

Gt: P = 0.313
Sex: P = 0.003
Int: P = 0.46

Gt: P = 0.795
Sex: P = 0.002
Int: P = 0.576

Gt: P = 0.178
Sex: P = 0.0001
Int: P = 0.268

Gt: P = 0.08
Sex: P = 0.821
Int: P = 0.413

Gt: P = 0.042
Sex: P = 0.001
Int: P = 0.119

Gt: P = 0.475
Sex: P = 0.004
Int: P = 0.322

Gt: P = 0.917
Sex: P = 0.011
Int: P = 0.359

Gt: P = 0.911
Sex: P = 0.011
Int: P = 0.059

Gt: P = 0.017
Sex: P<0.0001
Int: P = 0.181

Gt: P = 0.001
Sex: P = 0.151
Int: P = 0.566

Line L Line M Line H

Line L Line M Line H

Line L Line M Line H

Line L Line M Line H

Line L Line M Line H
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ERYTHROFERRONE OVERPRODUCTION blood® 20 JANUARY 2022 | VOLUME 139, NUMBER 3 445

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/3/439/1861268/bloodbld2021014054.pdf by guest on 03 M

ay 2024



(�5% incidence). Unilateral anophthalmia was seen in develop-
ing embryos between day E17.5 and 18.5 in �5% of transgenic
mice but not in WT littermates (Figure 6C).

No divergence from expected transgene inheritance ratios was
observed in litters from either line-L or line-M breeding (supple-
mental Figure 12). In addition, no eye abnormalities were noted.

Line-H mice (but not line-M or line-L) displayed compulsive cir-
cling behavior detectable as early as 3 weeks and persistent
with aging (supplemental Video), affecting 38% of line-H mice
(supplemental Figure 13). The line-H mice were more active as
indicated by distance run during open field testing. Compared
with WT littermates, a significantly higher percentage of line-H
mice displayed impairment in either righting or negative geo-
taxis, suggesting that high Erfe overexpression is associated
with altered vestibular motor function. Erfe-overexpressing and
WT mice were equally responsive to auditory stimulation and
exhibited similar physical capacity during a wire maneuver test
(per behavioral report).

Discussion
We present evidence that constant, high-level Erfe expression
by erythroid cells is sufficient to attenuate hepcidin responsive-
ness to iron loading and to cause systemic iron overload, mani-
fested by increased plasma iron concentrations and hepatic
tissue iron stores. Serum ERFE levels in the 3 lines of transgenic
mice ranged from �0.5 ng/mL, similar to levels we measured
contemporaneously in the thalassemia intermedia model
Hbbth3/1 mice, to �200 ng/mL. Differences in standards
between mouse and human assays, and potential differences in
the relative potency of mouse and human ERFE, preclude direct
comparison of ERFE concentrations between mouse models
and humans. Nevertheless, the broad range of serum ERFE con-
centrations in our transgenic mice likely encompasses the broad
range of ERFE levels reported in humans, including those with
hemolytic anemias with ineffective erythropoiesis.12,20 In our
mouse models, the large changes in ERFE protein concentra-
tions that result from much smaller changes in Erfe mRNA
expression suggest decreasing clearance of plasma ERFE at
high concentrations. Comparing liver iron content between the
3 transgenic lines indicates that the effect of erythron-derived
ERFE on iron loading is dose-dependent but nonlinear.

Liver hepcidin expression is feedback-regulated by liver iron
content and serum iron concentrations.11,24 Any suppression of
hepcidin by ERFE will cause increased duodenal iron absorption
and hepatic iron accumulation, in turn raising hepcidin concen-
trations and inhibiting iron absorption, eventually reaching hep-
cidin concentrations that maintain iron balance. Iron loading in
Erfe-overexpressing mice changed little between 6 and 16
weeks, indicating that by the age of 6 weeks, iron balance was
reached, a time course similar to that seen in Hbbth3/1 mice.30

The delay in establishment of the iron/hepcidin balance in line-
H mice indicates that higher circulating levels of ERFE require
greater accumulation of iron to stimulate hepcidin expression
sufficiently to overcome the effects of ERFE. In all transgenic
lines, hepcidin levels were inadequate when considered in the
context of serum and hepatic iron concentrations.

Line-H Erfe-overexpressing mice had elevated blood hemoglo-
bin concentrations at 6 and 16 weeks caused by higher erythro-
cyte hemoglobin content compared with WT littermates. Line-M
mice also had increased hemoglobin concentrations at 16 weeks
but not at 6 weeks when rapid growth stresses the iron supply.
These effects are consistent with ERFE dose-dependent hepci-
din suppression and consequently enhanced iron availability, as
hemoglobin synthesis in mice and humans is modestly
enhanced by hepcidin suppression and increased iron availabil-
ity when erythroid precursors are normal.31,32 On the other
hand, with pathological erythropoiesis such as in the mouse
model of b-thalassemia, hepcidin suppression and increased
iron supply worsen ineffective erythropoiesis and anemia, as
shown by improved hemoglobin concentrations following inter-
ventions that increase hepcidin.33,34 A recent report of the detri-
mental effects of a genetic ERFE variant that increased ERFE
production in congenital dyserythropoietic anemia type II sup-
ports the possibility that chronically elevated ERFE production
and the resulting excess of iron may also worsen anemia in
human disorders of ineffective erythropoiesis.35

Because the proposed mechanism by which ERFE suppresses
hepcidin is BMP sequestration,7,8,11 we examined our model for
evidence that the effects of ERFE were mediated by suppression
of BMP signaling. In addition to Hamp, we assessed the expres-
sion of the BMP-responsive genes Id136 and Smad737 in the
liver, a known target tissue for ERFE, as well as in the fetal liver
and bone marrow, 2 organs that could be subject to the auto-
crine or paracrine effects of erythroid-derived ERFE. In the kid-
ney, an organ whose growth was impaired in the highest ERFE
model, we also assayed the sensitive BMP-signaling marker
Id4.26 Erfe-overexpressing mice had altered expression of some
BMP target genes but not in all of the organs examined. In the
liver, we identified a suppressive effect of moderate or high Erfe
overexpression on Hamp and Smad7 but not Id1 expression.
We also found that Erfe-overexpressing mice had a blunted
hepatic SMAD5 phosphorylation response to iron overload com-
pared with similarly iron-loaded WT mice. In the fetal liver, we
detected suppression of Hamp and Id1, and in the kidney of
Hamp and Id4, but no corresponding differences in SMAD5
phosphorylation were detected. There was no decrease
detected in the expression of Id1 or Smad7 in the bone marrow
of Erfe-overexpressing mice compared with WT littermates, nor
any compensatory increase in Bmp2 and Bmp6 expression by
cells in the marrow. 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,

Figure 4 (continued) (white/pink), line-M (white/red), and line-H (white/dark red). Group means are indicated by blue lines, and groups within each individual line and
age group were compared by using 2-way analysis of variance to determine significant effects of genotype (Gt) and sex on data variation and to identify interactions
(Int) between these variables (P , .05 denoted in bold red). In the event of significant Int between Gt and sex, individual groups were compared by using �Sid�ak’s multi-
ple comparisons test (*P , .05). (F) Western blotting of liver total cell lysates from 6-week-old, male, WT, or TG littermates and 16-week-old, male, WT mice fed either
an iron-adequate (FeA, light gray symbols) or iron-loaded (FeO, dark gray symbols) diet for pSMAD5, SMAD5, ferritin H, and b-actin. Densitometry analysis of pSMAD5
levels normalized to SMAD5 (G) and the pSMAD5/SMAD5 ratio normalized to ferritin H levels (H). Differences in group means between WT and TG mice or FeA and
FeO mice, respectively, were analyzed for statistical significance by using the Student t test (*P , .05).
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perhaps mediated by tissue-specific coreceptors.38,39 Our find-
ings also allow for the possibility that the current model of the
mechanism of ERFE effect on hepcidin expression is incomplete.

Although the abnormalities in transgenic mice with low circulat-
ing levels of ERFE were entirely limited to iron homeostasis,
line-H mice with high ERFE levels displayed increased postnatal
mortality, reduced body weight and gonadal adipose tissue
weight, reduced kidney size and function, occasional unilateral
anophthalmia, and compulsive circling behavior. In a weaker
echo of these abnormalities, the moderately Erfe-overexpressing
line-M mice also exhibited lower body mass and smaller kidneys
relative to body mass than their WT littermates. We considered
the possibility that these abnormalities were caused by disrup-
tion of a critical gene at the site of transgene insertion or inter-
ference with topologically associating domains. We found no
evidence for this possibility by genomic sequencing, which con-
firmed that line-H is derived from the same founder as line-M

and shares the same insertion site on chromosome 4, overlap-
ping a gene for a noncoding RNA of unknown function. Line-H
and line-M differ only in transgene copy number, with higher
copies resulting in increased phenotypic severity. Furthermore,
the corresponding genomic sequence on the other copy of
chromosome 4 is WT. Rather, the spectrum of abnormalities 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 the homeostatic maintenance of vari-
ous organs.29,40-42 ERFE was also identified as a vascular mor-
phogen in Xenopus embryos, in which it acts by antagonizing
BMP4.43 Although direct application of the mouse or Xenopus
models to human disease is too simplistic, our observations raise
the possibility that some of the nonhematologic complications
experienced by patients with ineffective erythropoiesis14-16

could either be caused by or exacerbated by disrupted BMP
signaling.
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Specifically, deletion of Bmp7 in mice leads to impaired embry-
onic kidney development.44,45 Eye development is also regu-
lated, in part, by BMP signaling,40,44 and disruption of BMP
signaling by conditional deletion of BMP receptors in the eye
during embryonic development leads to anophthalmia.46 BMP4
is required for normal vestibular function and BMP41/2 mice
exhibit circling behavior,42 similar to line-H mice in the present
study. Although mouse ERFE reportedly does not inhibit
BMP4,43 ERFE may interact with and inhibit BMP4 heterodimers
formed with other BMPs (eg, BMP7).47 Adipogenesis is regu-
lated by a nuanced interplay between BMP signaling and antag-
onism.48,49 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.50,51 ERFE reportedly alters BMP2 signaling in a
“depot-specific” manner in vitro, altering BMP signaling to a
greater degree in adipocytes derived from some adipose
compartments compared with others.52 Reduced adiposity in

response to Erfe overexpression is consistent with previous find-
ings of increased adipose deposit size in Erfe-deficient mice.53

Altered postnatal survival and decreased body weights were
more prominent in male line-H mice compared with female
mice, despite similar circulating ERFE levels between sexes. We
also noted a strong pattern of increased hepatic and renal
BMP2 and BMP6 expression in female mice compared with
male mice of all genotypes (Figure 4D-E; supplemental Figure
4E-F). Such effects of sex on BMP2 and BMP6 expression were
reportedly driven by estrogen signaling.54,55 Increased produc-
tion of BMP2 and BMP6 in females could compensate for BMP
inhibition by ERFE.

A well-documented complication of b-thalassemia is loss of
bone mineral density associated with marrow expansion driven
by chronic erythropoietic stimulation.56 We observed no clear
difference in steady-state bone histomorphometry between
line-H mice and WT control mice or in expression of
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ment compared with WT littermates.
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bone-associated markers in line-M mice compared with WT con-
trol mice. 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.57,58 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 in
which endocrine or paracrine BMP inhibition by ERFE predomi-
nated. In b-thalassemia mice, ERFE was recently reported to
have an osteoprotective effect, but this phenotype may also be
dependent on osteoblast ERFE expression59 not examined in
our model.

Kidney dysfunction in the context of b-thalassemia is incom-
pletely understood but believed to result from a combination of
iron-mediated damage, chronic anemia with renal hypoxia, and
treatment with iron chelators that may damage the kidney.60

Signaling by BMP7 is thought to protect against renal fibrosis,61

and increased expression of BMP antagonists may predispose
the kidney to tubular injury,62 exacerbating damage from excess
iron or chelation therapy. 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 vs during postnatal life. Rela-
tive to human b-thalassemia, transgenic mice in this study may
be more susceptible to abnormal organ development because
of differences in the timing of increased Erfe expression during
embryonic and postnatal development. In humans with
b-thalassemia, anemia and ineffective erythropoiesis do not
develop until following birth63 because of the protective effect
of fetal hemoglobin, whereas transgene expression in our
mouse model began during embryonic development.22 There-
fore, 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. How-
ever, elevated ERFE levels in utero would be expected in
patients with fetal anemias such as a-thalassemia,64 pyruvate
kinase deficiency,65 congenital dyserythropoietic anemias,66 and
other congenital anemias with ineffective erythropoiesis, and
they could contribute to the developmental abnormalities seen
in their severe forms.67

In summary, our mouse models show that chronically increased
blood ERFE levels contribute to iron loading and, at higher lev-
els, alter the development or homeostasis of multiple organ sys-
tems. ERFE may be a suitable therapeutic target in anemias

from ineffective erythropoiesis to reduce iron loading and possi-
ble organ dysfunction from ERFE-mediated inhibition of BMP
signaling.
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