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Bone morphogenetic protein (BMP) sig-
naling induces hepatic expression of the
peptide hormone hepcidin. Hepcidin re-
duces serum iron levels by promoting
degradation of the iron exporter ferropor-
tin. Arelative deficiency of hepcidin under-
lies the pathophysiology of many of the
genetically distinct iron overload disor-
ders, collectively termed hereditary
hemochromatosis. Conversely, chronic
inflammatory conditions and neoplastic
diseases can induce high hepcidin lev-

els, leading to impaired mobilization of
iron stores and the anemia of chronic
disease. Two BMP type | receptors, Alk2
(Acvr1) and Alk3 (Bmpria), are ex-
pressed in murine hepatocytes. We re-
port that liver-specific deletion of either
Alk2 or Alk3 causes iron overload in
mice. The iron overload phenotype was
more marked in Alk3- than in Alk2-
deficient mice, and Alk3 deficiency was
associated with a nearly complete abla-
tion of basal BMP signaling and hepci-

din expression. Both Alk2 and Alk3 were
required for induction of hepcidin gene
expression by BMP2 in cultured hepato-
cytes or by iron challenge in vivo. These
observations demonstrate that one type
| BMP receptor, Alk3, is critically respon-
sible for basal hepcidin expression,
whereas 2 type | BMP receptors, Alk2
and Alk3, are required for regulation of
hepcidin gene expression in response
to iron and BMP signaling. (Blood. 2011;
118(15):4224-4230)

Introduction

The hepatic hormone hepcidin regulates serum iron levels in
mice and humans by inducing degradation of the iron exporter,
ferroportin.'> Low ferroportin levels reduce intestinal iron
absorption and the release of iron from macrophage stores.
Human hereditary hemochromatosis is characterized by low
hepcidin levels, leading to iron accumulation in liver, heart, and
endocrine organs.!3 Similarly, hepcidin deficiency causes he-
patic iron overload in mice.>* In contrast, high hepcidin levels
contribute to the anemia of chronic disease (ACD) by reducing
iron bioavailability for erythropoiesis.>-°

Recent studies have demonstrated a critical role for bone
morphogenetic protein (BMP) signaling in the regulation of
hepcidin expression by iron.”!! Binding of BMP ligands to type
Iand type II BMP receptors induces the type II receptor to
phosphorylate and activate the type I receptor. The activated type
I receptor, in turn, phosphorylates intracellular signaling molecules,
including SMADs 1, 5, and 8. Phosphorylated SMADs 1, 5, and
8 bind SMAD4 and together translocate to the nucleus, where they
activate the expression of genes, including hepcidin and the
Id family of transcription factors.'? Deficiency of Smad4,'® the
BMP coreceptor hemojuvelin,'>!* or BMP6'>1¢ in hepatocytes
reduces expression of hepcidin!7-!® and induces iron overload. In
addition, BMP signaling appears to have an important role in the
induction of hepcidin expression by inflammatory mediators that
are involved in ACD.!1:19:20

There are 4 type I BMP receptors: Alkl, Alk2, Alk3, and Alk6.
The identity of the type I BMP receptor(s) responsible for
iron-dependent signaling and the regulation of hepcidin expression
in hepatocytes are unknown. Alkl is predominantly expressed in
the endothelium. Alk6 is expressed at low levels in murine liver,?!
and global Alk6 deficiency does not induce iron overload in mice
(D. R. Campagna, P. J. Schmidt, and M.D.F., unpublished observa-
tions, January 2011). In contrast, Alk2 and Alk3 are abundantly
expressed in hepatocytes.?! To identify the type I BMP receptor
required for the BMP-mediated regulation of hepatic hepcidin
expression and iron homeostasis, we characterized the phenotypes
of mice with liver-specific deletion of either the Alk2 or Alk3
receptor. In addition, we studied the impact of Alk2 or Alk3
deficiency on BMP signaling in isolated hepatocytes and on the
response to iron challenge in mice.

Methods

Animals

All mouse experiments were approved by the Massachusetts General
Hospital Subcommittee on Research Animal Care. Alk2 /' mice on a mixed
C57BL/6; SV129 background or AIk3*# mice on a C57BL/6 back-
ground?>?3 were bred to B6.Cg-Tg(Alb-Cre22IMen/T mice (The Jackson Labora-
tory) to generate compound heterozygous animals that were intercrossed to
obtain second-generation (F,) animals homozygous for the Alk2" or Alk3"
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alleles with or without the Alb-Cre transgene. Mice were fed a standard,
iron-replete diet (Prolab 5P75 Isopro 3000, 380 ppm iron). Twelve-week-
old female mice were used for phenotypic characterization, and 8- to
12-week-old female mice were used in iron challenge experiments.

For studies of the impact of iron challenge on hepcidin gene expression,
mice were injected with 0.2 g/kg dextran or iron dextran (Sigma-Aldrich)
via a tail vein, as described previously,'! and blood and tissue samples were
harvested 2 hours after injection.

Hematologic and iron parameters

Blood for serum iron parameters and complete blood count was obtained by
retro-orbital puncture. Serum iron concentrations and transferrin saturations
were determined using Iron/UIBC Kit (Thermo Scientific). Complete blood
counts were measured using a HemaVet Veterinary Analyzer (Heska). After
mice were killed, liver, kidney, and spleen tissues were harvested, and
non-heme tissue iron levels were determined, as previously described.!?

Hepatic mRNA levels

Total RNA was extracted from mouse hepatocytes and liver tissues using
Trizol (Invitrogen). Reverse RNA transcription was accomplished using
MMLV-RT (Promega). Quantitative RT-PCR was performed using SYBR
Green (Thermo Fisher Scientific) or Kapa Probe (for TagMan primers) on a
Mastercycler Realplex2 (Eppendorf) using primers listed in supplemental
Table 1 (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). The level of target transcripts was
normalized to the level of 18S rRNA using the relative Cr method.

Prussian blue staining and diaminobenzidine enhancement

Prussian blue staining was performed on paraffin-embedded sections, as previ-
ously described.'® To enhance iron staining, paraffin-embedded hepatic sections
from AIk2"" and Alk2", Alb-Cre mice were stained with Prussian blue and then
incubated with diaminobenzidine for 2 minutes at room temperature, yielding a
brown reaction product. Sections were analyzed by light microscopy with a
Nikon Eclipse 80i microscope (Nikon Instruments).

Primary hepatocyte cultures

Hepatocytes were isolated and cultured for 2 days using a bottom and top
layer of collagen, called a “collagen sandwich,” as described previously.?*
After serum starvation for 6 hours in 0.1% FBS, hepatocytes were
stimulated with and without BMP2 (100 ng/mL), and RNA was harvested
2 hours later.

Statistics

All values were expressed as mean = SEM. Data were analyzed using the
Student ¢ test and 1-way ANOVA with Bonferroni posthoc tests, when
applicable. Statistical significance was considered for P values < .05.

Results

Liver-specific deletion of Alk2 and Alk3 leads to iron overload
in mice

Mice that are globally deficient in either Alk2 or Alk3 are not
viable.?>-28 Therefore, to characterize the potential roles of each
BMP type I receptor in the regulation of hepatocellular hepcidin
expression and systemic iron metabolism, we studied mice with
liver-specific deletion of Alk2 or Alk3. To delete Alk2 or Alk3
selectively in hepatocytes, we generated mice homozygous for
conditionally targeted (“floxed”) Alk2 (Ak2VM) or Alk3 (AIk3%/T)
alleles that also carried a Cre recombinase transgene under the
control of the albumin gene promoter (Alb-Cre).?

Alk2 and Alk3 mRNA levels were markedly reduced in the
livers of Alk2%8; Alb-Cre mice and Alk3%%; Alb-Cre mice, respec-
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tively (Figure 1A-B). Serum iron levels were higher in Alk2V1;
Alb-Cre mice than in Alk2%% control mice without the Cre
transgene, but transferrin saturation did not differ (Figure 1C-D). In
contrast, both serum iron level and transferrin saturation were
higher in Alk3"%; Alb-Cre mice than in Alk3%% controls (Figure
1C-D). Liver iron content was modestly greater in Alk2"; Alb-Cre
mice than in Alk2"® mice. In contrast, liver iron content was
dramatically greater in Alk3"; Alb-Cre mice than in Alk3%f
controls (Figure 1E). Splenic iron content did not differ in AZk2%/;
Alb-Cre and Alk2"f; mice but was markedly less in A3,
Alb-Cre than in Alk3V mice (Figure 1F). Of note, the ratio of liver
iron content to splenic iron content was increased in both AZk2%1;
Alb-Cre mice and Alk3V1; Alb-Cre mice (supplemental Figure 1).
Kidney tissue iron content was also greater in AIk3"f; Alb-Cre mice
than in Alk3%f mice (supplemental Figure 2A). There were no
hematologic abnormalities suggestive of the presence of a second-
ary, anemia-induced iron overload phenotype in mice with liver-
specific Alk2 or Alk3 deficiency (supplemental Figure 3). More-
over, hepatic expression of hereditary hemochromatosis disease-
causing genes, including transferrin receptor-2 (Tfr2),3° Hfe,3!-3
hemojuvelin (Hjv),”1314.33 and ferroportin 1 (Fpn1),3* did not differ
between genotypes (supplemental Figure 4). These results demon-
strate a mild iron overload phenotype in Alk2%%; Alb-Cre mice and
a severe iron overload phenotype in Alk3"M; Alb-Cre mice and
indicate that both Alk2 and Alk3 have roles in the regulation of
systemic iron homeostasis.

Histologic staining reveals periportal hepatocellular iron
accumulation in Alk2f!; Alb-Cre mice, but centrilobular
hepatocellular iron accumulation in A/k3%fl; Alb-Cre mice

In recessive hemochromatosis syndromes, iron is deposited prefer-
entially in periportal hepatocytes. In the livers of Alk2%8; Alb-Cre
mice, we observed low levels of iron accumulation with the typical
periportal pattern (Prussian blue staining with diaminobenzidine
enhancement; Figure 2A-B). In contrast, there was abundant iron
accumulation in the livers of Alk3Vf; Alb-Cre mice (Prussian blue
staining alone), and the iron deposition was most prominent in the
centrilobular region (Figure 2C-D). In neither Alk2%%; Alb-Cre nor
Alk3%8; Alb-Cre animals was there substantial iron present in
Kupffer cells (Figure 2B,D), the resident macrophages of the liver
that usually do not become overloaded with iron until the late
stages of hemochromatosis disease progression.! Iron storage in
splenic macrophages was reduced in Alk3%f; Alb-Cre mice but not
Alk2%8; Alb-Cre mice (Figure 2F,H), consistent with the reduced
splenic iron content that we observed in the former. Prussian blue
staining also detected iron accumulation in the proximal renal
tubules, as well as in the heart and pancreas of Alk3"%; Alb-Cre
mice (supplemental Figure 2B), but not in the tissues of Ak2%;
Alb-Cre mice (data not shown).

Impact of BMP type | receptor deletion on hepcidin, transferrin
receptor 1 (Tfrc), BMP6, and Ild1 mRNA expression levels

Hepatocellular iron accumulation and macrophage iron depletion
are the cellular hallmarks of systemic hepcidin deficiency. A mild
reduction in hepatic hepcidin expression was observed in Ak2%A;
Alb-Cre mice, and a more marked reduction was seen in Alk3V1,
Alb-Cre mice (Figure 3A). As is typical in hepatic iron overload
states,>>3 we found reduced Tfrc and increased Bmp6 mRNA
levels in the livers of Alk3%1; Alb-Cre mice with similar trends seen
in Alk2%8; Alb-Cre mice (Figure 3B-C). The expression of Id1 was
also reduced in Alk3%; Alb-Cre animals (Figure 3D). Taken
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Figure 1. Serum and tissue iron levels are increased in
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together, the observations that mice with liver-specific deficiency
of BMP type I receptors have reduced hepcidin expression and iron
overload in the context of increased Bmp6 gene expression suggest
that the ability to respond to BMP signaling is impaired in mice
with hepatic Alk2 or Alk3 deficiency.

Impact of BMP type 1 receptor deficiency on the ability of BMP
signaling to modulate hepatic hepcidin gene expression

To further evaluate the impact of deleting Alk2 or Alk3 on the
regulation of hepcidin gene expression, we measured basal hepci-
din expression, as well as the ability of BMP ligands to induce
hepcidin gene expression, in primary hepatocytes isolated from
animals of each of the 4 genotypes. In the absence of exogenous
BMP ligand, hepcidin mRNA levels did not differ in AZk2%1;
Alb-Cre and Alk2"f hepatocytes (Figure 4A). However, basal
hepcidin expression was substantially reduced in Ak3%8; Alb-Cre
hepatocytes compared with Ak3" control hepatocytes (Figure
4B). Taken together with our in vivo data, these results suggest that
Alk3 is the type I BMP receptor responsible for basal hepcidin
expression in hepatocytes.

In isolated control hepatocytes, BMP2 more robustly increased
hepcidin mRNA levels than did BMP6 (data not shown). We
therefore used BMP2 to investigate the effect of hepatic Alk2 and
Alk3 deficiency on the regulation of hepcidin gene expression by
BMP signaling. BMP2 stimulated hepcidin expression in Alk2%1
and Alk3V control hepatocytes, but not in hepatocytes of either
Alk2%V%; Alb-Cre or Alk3%%; Alb-Cre mice. These results suggest
that the presence of both Alk2 and Alk3 is required for the
induction of hepcidin gene expression by BMP2.

Influence of BMP type | receptor deficiency on the ability of iron
challenge to induce hepatic hepcidin gene expression

We!l and others®%1015 have previously reported that iron challenge
induces hepcidin gene expression in a BMP-dependent manner. To
test whether iron requires Alk2, Alk3, or both to increase hepcidin
expression, we measured hepatic hepcidin mRNA levels in mice
challenged with iron dextran (Figure 5). After iron administration,
serum iron levels and transferrin saturations were similar in mice of
all 4 genotypes (supplemental Figure SA-D), and iron challenge did
not alter hepatic Alk2 or Alk3 mRNA levels (supplemental Figure
5E-H). In both Alk2%f and Alk3%"f animals, iron challenge in-
creased hepcidin mRNA levels ~ 3-fold (Figure 5). Similarly, we
observed that iron challenge induced Id1 gene expression (supple-
mental Figure 51-J). Iron challenge did not increase hepcidin or Id1
mRNA levels in mice with hepatocyte-specific Alk2 or Alk3
deficiency. These studies of iron-challenged mice, like our studies
of BMP2-stimulated hepatocytes, suggest that both of these BMP
type I receptors are required for induction of hepcidin gene
expression in response to BMP signaling.

Discussion

The study of hereditary hemochromatosis and iron overload
disorders in humans and mice has identified a critical role for BMP
signaling in the regulation of systemic iron homeostasis. However,
the specific type I BMP receptors required for iron homeostasis
were unknown. In the present study, we report that hepatocyte-
specific deficiency of either Alk2 or Alk3 causes systemic iron
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Figure 2. Iron deposition in liver and spleen in Alk2/ Ajk2f/
Alb-Cre, AIK3 and AIk3"; Alb-Cre mice. Formaiin-ixed, parattin.  AIK2f/f! Alk3/1
embedded liver (A-D) and spleen (E-H) sections prepared from Alk2", = PR -

Alk2"", Alb-Cre, Alk3", and AIk3"", Alb-Cre mice were stained with A C

Prussian blue and diaminobenzidine (A-B) or Prussian blue alone (C-H). * : ~ bl
Sections were prepared from at least 4 animals in each group; representa- 2 (290 ?‘, Zh
tive photomicrographs are shown. Scale bars represent 100 pm. S T ;
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overload and blocks the ability of BMP ligands and iron to induce  probably because of a marked reduction in basal BMP signaling
hepatic hepcidin expression. The iron overload phenotype was and hepcidin expression in Alk3%f; Alb-Cre mice. These findings
more severe in Ak3"; Alb-Cre than in Alk2Y%; Alb-Cre mice, suggest that Alk3 is the type I BMP receptor responsible for basal
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Figure 4. Alk2 and Alk3 are required for BMP2-mediated induction of hepcidin gene expression and loss of Alk3 suppresses basal hepcidin mRNA levels in isolated
hepatocytes. Isolated hepatocytes were treated with and without BMP2 (100 ng/mL) for 2 hours (n = 5 hepatocyte isolations from A/k2"" mice; n = 3 hepatocyte isolations
from AIk2"%, Alb-Cre, Alk3"" and Alk3""; Alb-Cre mice, each). (A) Hepcidin mRNA levels in Alk2"M and Alk2"; Alb-Cre hepatocytes. *P = .0075, Alk2"" without versus with
BMP2. (B) Hepcidin mRNA levels in similarly treated Alk3"" and Alk3""; Alb-Cre hepatocytes. *P < .05, Alk3"" without versus with BMP2. #P < .0001 Alk3""; Alb-Cre without

BMP2 versus Alk3"" without BMP2.

hepcidin expression in hepatocytes. In contrast, both Alk2 and Alk3
were required for the induction of hepcidin by BMP and iron. These
results demonstrate that Alk2 and Alk3 have nonredundant roles in
iron homeostasis.

The iron overload phenotype and reduction in basal hepcidin
mRNA levels were more marked in Alk3%%; Alb-Cre mice than in
Alk2"3; Alb-Cre mice. An increase in hepatic BMP6 mRNA levels
was detected in mice with hepatic-specific Alk3 deficiency, but not
in mice with hepatocyte-specific Alk2 deficiency. Potential explana-
tions for the difference in severity of iron overload in Alk2- versus
Alk3-deficient livers include the possibility that Alk3 is more
highly expressed in hepatocytes than is Alk2 or that Alk3 is more
sensitive to the BMPs present in the hepatic milieu.

Experiments in isolated hepatocytes and in intact mice revealed
that both BMP type I receptors, Alk2 and Alk3, are required for the
induction of hepatic hepcidin gene expression by BMP2 or iron.
Intriguingly, Little and Mullins®’ have recently demonstrated that
the zebrafish orthologs of the Alk2 and Alk3 receptors have
nonredundant roles in dorsal-ventral axis specification. Moreover,
the 2 BMP type I receptors in zebrafish assemble into heteromeric
BMP receptor complexes, which appear to be more sensitive to
BMP ligand heterodimers. It is conceivable that similar hetero-
meric receptor complexes containing both Alk2 and Alk3 are
required for BMP ligands and iron to induce hepcidin gene
expression in hepatocytes. Additional studies will be necessary to
investigate the possibility that Alk2 and Alk3 can form heteromeric
complexes in mammalian hepatocytes.
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The pattern of iron deposition varies in the different types of
hemochromatosis and experimental iron overload models. For
example, in hemochromatosis resulting from autosomal dominant
mutations in the gene encoding Fpnl, iron is preferentially
deposited in Kupffer cells. In contrast, in the more common
autosomal recessive forms of hemochromatosis, including those
attributable to mutations in the Hfe and Tfr2 genes, iron is
preferentially deposited in periportal hepatocytes.!3%3% It has been
hypothesized that the periportal distribution of iron seen in most
autosomal recessive forms of hemochromatosis is attributable to a
first pass effect of intestinally-absorbed iron carried by the portal
venous system.*® In contrast, in hepcidin* and BMP6!®-deficient
mice, iron deposition is predominantly centrilobular. Moreover,
Kautz et al*'*? reported that BMP6 immunoreactivity was abun-
dant in centrilobular hepatocytes of mice with iron overload
induced by an iron-rich diet or Hfe deficiency, both of which are
characterized by periportal iron deposition. We observed modest
iron deposition in the periportal region of mice with liver-specific
Alk2 deficiency. In contrast, abundant centrilobular iron deposition
was found in mice with liver-specific Alk3 deficiency. Our findings
of centrilobular iron deposition in mice with hepatocyte-specific
AIK3 deficiency, together with those made in hepcidin*- and
BMP6!6-deficient mice, strongly suggest that the distribution of
hepatic iron in overload states is not the result of a “passive”
first-pass effect. Instead, it appears that hepatic iron deposition may
be an active process that is regulated, at least in part, by
BMP signaling.
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Figure 5. Alk2 and Alk3 are essential for iron-dependent hepcidin regulation in vivo. Eight-week-old mice were challenged intravenously with dextran (as a control) or
iron-dextran (Fe; 0.2 mg/kg). (A) Hepatic hepcidin mRNA levels in Alk2"" and Alk2""; Alb-Cre mice (n = 6 per group). *P < .0001, Alk2"" mice challenged with dextran versus
Alk2"" mice challenged with iron-dextran. (B) Hepatic hepcidin mRNA levels in similarly challenged A/k3"" and Alk3"; Alb-Cre mice (n = 3 per group). *P < .0045, versus
Alk3"" mice challenged with dextran versus Alk3"" mice challenged with iron-dextran. *P < .005, Alk2""; Alb-Cre mice challenged with dextran versus Alk3"" mice challenged

with dextran.
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Under physiologic conditions, hepcidin degrades Fpnl, the sole
iron exporter in the body. Interestingly, Zhang et al** and Ramey
et al** showed that Fpnl is predominantly localized in the
periportal region. Ramey et al hypothesized that in iron overload
models associated with very low or absent hepcidin levels, high
periportal Fpnl expression protects the periportal region from iron
overload, resulting in a centrilobular distribution of iron deposi-
tion.** In contrast, in iron overload states associated with relatively
preserved hepcidin expression, lower Fpnl levels are less able to
protect the periportal region from iron deposition.

Our observations appear to be consistent with the hypothesis
put forward by Ramey et al.** Hepcidin levels are very low at
baseline in Alk3-deficient hepatocytes, probably leading to abun-
dant periportal Fpnl levels and relative sparing of the periportal
region and accumulation of iron in the centrilobular region. In
contrast, hepcidin levels are normal or only modestly reduced in
Alk2-deficient hepatocytes, probably reducing periportal Fpnl
levels and leading to periportal iron accumulation.

Our findings have several therapeutic implications. First, BMP
signaling inhibitors that can increase serum iron levels represent an
attractive therapeutic strategy for the treatment of ACD.!!2045 The
observation that Alk3 plays a critical role in basal hepcidin gene
expression suggests that strategies that target Alk3 will reduce
hepcidin expression and increase serum iron levels. Alk3-specific
inhibitors may be superior to nonselective BMP signaling inhibi-
tors for treating ACD because the former would not be expected to
inhibit the diverse effects mediated by other type I BMP receptors.

In conclusion, we report that hepatocyte-specific deficiency of
either Alk2 or Alk3 caused systemic iron overload and blocked the
ability of iron and BMP ligands to induce hepatic hepcidin
expression in mice. The iron overload phenotype was more severe
in Alk3""; Alb-Cre than in Alk2"!'; Alb-Cre mice, probably because
of a marked reduction in basal BMP signaling and hepcidin gene
expression in the former. In contrast, both Alk2 and Alk3 were
required for the induction of hepcidin by BMP and iron. Taken
together, these data indicate partially overlapping but nonredundant
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