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Induction of the iron regulatory hormone hepcidin contributes to the anemia of inflammation.
Bone morphogenetic protein 6 (BMP6) signaling is a central regulator of hepcidin expression in the
liver. Recently, the TGF-B/BMP superfamily member activin B was implicated in hepcidin induction
by inflammation vianoncanonical SMAD 1/5/8 signaling, butits mechanism of action and functional
significance in vivo remain uncertain. Here, we show that low concentrations of activin B, but not
activin A, stimulate prolonged SMAD1/5/8 signaling and hepcidin expression in liver cells to a
similar degree as canonical SMADZ2/3 signaling, and with similar or modestly reduced potency
compared with BMP6. Activin B stimulates hepcidin via classical activin type Il receptors ACVR2A
and ACVR2B, noncanonical BMP type | receptors activin receptor-like kinase 2 and activin receptor-
like kinase 3, and SMAD5. The coreceptor hemojuvelin binds to activin B and facilitates activin
B-SMAD1/5/8 signaling. Activin B-SMAD1/5/8 signaling has some selectivity for hepatocyte-derived
cells and is not enabled by hemojuvelin in other cell types. Liver activin B mRNA expression is
up-regulated in multiple mouse models of inflammation associated with increased hepcidin and
hypoferremia, including lipopolysaccharide, turpentine, and heat-killed Brucella abortus models.
Finally, the activin inhibitor follistatin-315 blunts hepcidin induction by lipopolysaccharide or B.
abortus in mice. Our data elucidate a novel mechanism for noncanonical SMAD activation and
support a likely functional role for activin B in hepcidin stimulation during inflammation in vivo.
(Endocrinology 157: 1146-1162, 2016)

unctional iron deficiency is a hallmark of anemia of
Finﬂammation and is caused by elevated levels of the
iron regulatory hormone hepcidin (1). Secreted by the
liver, hepcidin induces degradation of the iron exporter
ferroportin to limit iron entry into the bloodstream
from dietary sources, iron-recycling macrophages, and
hepatocyte stores (2). Hepcidin induction during in-
flammation is partly due to direct transcriptional reg-
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ulation by the IL-6/signal transducer and activator of
transcription 3 (STAT3) pathway (3-5). However, de-
pendence on TGF-B superfamily signaling has also been
demonstrated (6-13).

Abbreviations: ACVR, Activin receptor; ALK, Activin receptor-like kinase; BA, Brucella abor-
tus; BMP, bone morphogenetic protein; BRE, BMP-responsive element; BRE-Luc, BMP-
responsive luciferase reporter; Dmt1, divalent metal transporter 1; FBS, fetal bovine serum;
Fpn, ferroportin; FST315, follistatin-315; GDF, growth and differentiation factor; Hep-Luc,
hepcidin promoter firefly luciferase reporter; HJV, hemojuvelin; HIV.Fc, HIV extracellular
domain fused to the IgG Fc fragment; IMCD, inner medullary collecting duct; LPS, lipo-
polysaccharide; P-SMAD, phosphorylated-SMAD; gRT-PCR, quantitative real-time PCR;
R-SMAD, receptor-activated SMAD; RGM, repulsive guidance molecule; siRNA, small in-
terfering RNA; SPR, surface plasmon resonance; STAT3, signal transducer and activator of
transcription 3; TBS-T, 50mM Tris (pH 7.4), 150mM NaCl, and 0.05% Tween 20; WT, wild
type.
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The TGF-B superfamily of signaling molecules, includ-
ing TGF-Bs, bone morphogenetic proteins (BMPs), and
activins, participate in a diverse array of biological func-
tions by binding to complexes of type II and type I serine
threonine kinase receptors to induce phosphorylation of
receptor-activated SMADs (R-SMADs) (14-15). Phos-
phorylated R-SMADs complex with SMAD4, translocate
to the nucleus, and regulate gene transcription. Typically,
different ligand subfamilies signal via distinct, but over-
lapping subsets of receptors and R-SMADs. In particular,
BMPs use type II receptors BMPR2, ACVR2A, and
ACVR2B, type I receptors ALK1, ALK2, ALK3, and
ALK6,and R-SMADs 1, 5, and 8, whereas TGF-Bs use the
type II receptor TGFBR2, the type I receptor ALKS, and
R-SMADs 2 and 3 (14, 15). Activins use type II receptors
that overlap with the BMP subfamily (ACVR2A and
ACVR2B), butdistinct type I receptors (ALK4 and ALK?7),
and share R-SMAD2/3 with the TGF-f subfamily (14,
15). Numerous other regulatory mechanisms exist to fine
tune this canonical signaling pathway, including corecep-
tors to modify ligand-receptor binding (14, 15).

Mouse and human genetic studies have established that
the ligand BMP6 (16, 17), type Il receptors ACVR2A and
BMPR2 (18), type I receptors ALK2 and ALK3 (19), co-
receptor hemojuvelin (HJV) (20-23), and SMAD4 (7) are
critical regulators of hepcidin expression and systemic
iron balance, because global or liver-specific knockout/
mutation of these molecules leads to hepcidin deficiency
and iron overload. Liver BMP6-SMAD1/5/8 signaling is
stimulated by iron (24, 25) and induces hepcidin tran-
scription directly via specific BMP-responsive elements
(BREs) on the hepcidin promoter (26, 27).

SMAD1/5/8 signaling also has a role in hepcidin regu-
lation during inflammation (6), because blocking this
pathway with soluble HJV or a small molecule BMP type
I receptor inhibitor blunts hepcidin induction, increases
iron availability, and ameliorates anemia in animal models
of anemia of inflammation (7-11). Notably, these
SMAD1/5/8 pathway inhibitors do not impact the inflam-
matory response or the induction of liver STAT3 phos-
phorylation (7-11), which are also critical mediators of
hepcidin induction by inflammation (3-5). Thus, an intact
SMAD1/5/8 pathway is required for the IL-6/STAT3 path-
way to maximally stimulate hepcidin. Importantly, this
appears to be independent of BMP6, because hepcidin
induction by lipopolysaccharide (LPS) is preserved in
Bmp6 null mice (17). One mechanism proposed for the
cross talk between these pathways is an interaction at the
hepcidin promoter, where the STAT3 binding element is
adjacent to the proximal BRE (12). Recently, Besson-
Fournier et al (13) proposed activin B as another mecha-
nism of cross talk when they demonstrated increased liver

press.endocrine.org/journal/endo 1147

activin B expression in LPS treated mice. Although previ-
ously understood to signal via the SMAD2/3 pathway,
activin B was shown to increase noncanonical phosphor-
ylated-SMAD (P-SMAD)1/5/8 and hepcidin expression in
cultured liver cells (13).

Although Besson-Fournier et al (13) raised an intrigu-
ing hypothesis, the molecular mechanisms by which ac-
tivin B induces noncanonical SMAD1/5/8 phosphoryla-
tion and hepcidin expression, the generalizability of
activin B-SMAD1/5/8 signaling to other cell systems, and
the functional significance of activin B in hepcidin regu-
lation in vivo remain uncertain. Several other non-BMP
TGF-B superfamily members were also demonstrated to
stimulate hepcidin expression in hepatocyte-derived cells
in vitro (7, 9); however, their potency was considerably
less than BMP ligands (9). Although the molecular mech-
anisms for hepcidin induction by these other ligands were
not explored, there is increasing recognition that TGF-B
superfamily members can crossactivate noncanonical
SMAD phosphorylation in certain cellular contexts (28—
34). Typically, this noncanonical SMAD phosphorylation
requires higher ligand concentrations and is more tran-
sient than canonical SMAD phosphorylation (28-32).
The molecular mechanisms for this crossactivation are
varied, but generally involve canonical type I receptors
phosphorylating noncanonical SMADs or heteromeric ca-
nonical/noncanonical type I receptor complexes (28-30,
32-34). Although some functional roles for noncanonical
SMAD signaling have been described (28 -34), there are
also reports that P-SMAD1/5/8 stimulated by TGF-p li-
gands have impaired ability to increase transcription via
classical BREs due to the formation of mixed R-SMAD
complexes (29, 30). Moreover, although it is difficult to
determine TGF-B superfamily ligand concentrations that
are physiologically relevant in vivo, because they often act
in an autocrine or paracrine fashion, the functional sig-
nificance of effects that are more transient and require high
ligand concentrations may be less certain.

We therefore investigated the dose response and kinet-
ics of activin B stimulation of noncanonical SMAD1/5/8
signaling and hepcidin expression vs canonical SMAD2/3
signaling compared with the related ligand activin A (65%
homology) and the main endogenous hepcidin regulator
BMP6 in liver cells. We also delineated the detailed mo-
lecular mechanisms by which activin B stimulates hepcidin
expression using siRNA knockdown of individual canon-
ical and noncanonical signaling pathway components,
pull-down experiments, and surface plasmon resonance
(SPR). We then examined whether SMAD1/5/8 activation
by activin B is selective for liver cells or generalizable to
other cell types, and whether HJV or its related corecep-
tors enable activin B-SMAD1/5/8 signaling. Finally, we
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investigated the functional role of activin B in hepcidin
regulation under basal conditions and during inflamma-
tion in vivo by testing the effects of the activin inhibitor
follistatin-315 (FST315) in mice treated without or with
LPS or heat-killed Brucella abortus (BA).

Materials and Methods

FST315 production

Myc-tagged FST315 was purified from the media of trans-
fected 293-T cells, and protein purity and concentration were
determined essentially as described (35).

Animals

Animal protocols were approved by the Institutional Animal
Care and Use Committee at Massachusetts General Hospital.
HJV knockout (Hjv—/—) mice on a C57BL/6 background were
kindly provided by Paul Schmidt and Nancy Andrews (23). Pri-
mary hepatocytes from Hjv—/— and littermate wild-type (WT)
mice were isolated as described below. Eight-week-old C57BL/6
male mice (Taconic) received an ip injection of LPS (serotype
055:BS; Sigma) (1 ug/g body weight) or heat-killed BA (1 X 10®
particles/mouse; National Veterinary Services Laboratories)
(36) with or without 50-ug FST315 in PBS or PBS alone. Alter-
natively, mice received a sc intrascapular injection of oil of tur-
pentine (5 mL/kg; Sigma) or PBS under isoflurane anesthesia
(11). Mice were killed at the indicated times 4 hours to 11 days
after injection.

Iron analysis

Serum iron and unsaturated iron binding capacity were mea-
sured by colorimetric assay (Pointe Scientific), and transferrin
saturation was calculated as described previously (9).

Cell culture, transfection, and luciferase assays

Human hepatoma Hep3B, ovarian granulosa tumor KGN,
and mouse renal inner medullary collecting duct (IMCD) cells
were cultured as previously described (21, 37, 38). Mouse myo-
blast C2C12 cells stably expressing a BMP-responsive luciferase
reporter (BRE-Luc) (39) provided by Daniel Rifkin (40) were
cultured in DMEM with 10% fetal bovine serum (FBS). Mouse
primary hepatocytes were isolated by the Massachusetts General
Hospital Cell, Tissue and Organ Resource Core. In brief, livers
were perfused through the portal vein in situ with 400 mL of
perfusion buffer with 1TmM EDTA at4-5 mL/min. The perfusate
was equilibrated with 5-L/min 95% O, and 5% CO, through
5 m of silicone tubing and was maintained by a 100-mm heat
exchanger at 37°C before entering the liver. The liver was sub-
sequently perfused with 200 mL of 0.05 % collagenase (Sigma) in
perfusion buffer with SmM calcium chloride at the same flow
rate. The resulting cell suspension was filtered through 2 nylon
meshes with grid sizes 250 and 62 pm (Small Parts). The cell
pellet was collected by centrifugation at 50 g for 5 minutes. After
centrifugation, the cells were gently washed with culture medium
(DMEM powered with 10% FBS, 2% penicillin/streptomycin,
0.5-U/mL insulin, 7.5-pug/mL hydrocortisone,14-ng/mL gluca-
gon, and 20-ng/mL epidermal growth factor), counted, and
plated.
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Transfections were performed with Lipofectamine 2000 (In-
vitrogen) or DharmaFECT1 (Dharmacon; for siRNAs) accord-
ing to the manufacturer’s instructions. siRNA duplexes in an-
nealed and purified form for ALK2, ALK3, ALK6, BMPR2,
ACVR2A, and ACVR2B were obtained from Ambion, and se-
quences were previously described and validated for efficacy and
specificity (37). siRNA for SMADS, SMAD2, SMAD3, ALK4,
ALK7,and HJV were obtained from Dharmacon (OnTARGET-
Plus siGenome, M-015791-00-0005, M-003561-01-0005,
M-020067-00-0005, M-004925-01-0005, M-004929-02-
0005, and M-018751-02-0005). Where indicated, cells were
transiently transfected with BRE-Luc, a SMAD3 responsive
(CAGA-Luc) (41) or a hepcidin promoter firefly luciferase re-
porter (Hep-Luc) (21) in combination with a control Renilla
luciferase vector (pRL-TK) (Promega) in a ratio of 10:1 as pre-
viously described (21), with or without 40nM siRNAs, with or
without cDNA encoding HJV (20-200 ng) (21).

Cells were serum starved with 1% FBS for 24 hours and
stimulated with or without 5- or 50-ng/mL activin B, activin
A, or BMP6 (R&D Systems), with or without FST315 for 1-24
hours. Serum starvation was initiated 18 hours after plating
for primary hepatocytes and 24 hours after transfection.
Where indicated, relative luciferase activity was determined
by the Dual-Luciferase reporter assay system (Promega) as
described previously (21).

Immunoblot

Total or phosphatidylinositol phospholipase C-digested (for
HJV immunoblots; Sigma) protein extracts were prepared and
immunoblots performed as described previously (42, 43) using
antibodies to P-SMAD1/5/8, SMAD1, P-SMAD2, SMAD2,
P-STAT3, STAT3, P-SMAD3, and SMAD3 (9511, 9743, 3101,
9517,9134, 9132, 9520, and 9513; Cell Signaling Technology);
mouse HJV (AF3634; R&D Systems); c-Myc (ab19234; Ab-
cam); hemagglutinin (sc-803; Santa Cruz Biotechnology, Inc);
and pan-actin (MAB1501R; Millipore) (Supplemental Table 1).
During the course of this study, the Cell Signaling P-SMAD1/5/8
antibody was discontinued, and all mouse liver extracts were
evaluated using P-SMADS and SMADS antibodies (ab92698
and ab40771; Abcam) (Supplemental Table 1, validated in Sup-
plemental Figure 1) using a modified protocol. In brief, extracts
prepared as described above were separated by SDS-PAGE on a
10% acrylamide gel and transferred to nitrocellulose. Blots were
blocked with 5% nonfat dry milk in 50mM Tris (pH 7.4),
150mM NacCl, and 0.05% Tween 20) (TBS-T) for 1 hour at
room temperature and incubated with P-SMADS antibody at
1:1000 in TBS-T with 5% nonfat dry milk overnight at 4°C.
After washing with TBS-T, blots were incubated for 1 hour at
room temperature with horseradish peroxidase-conjugated sec-
ondary antirabbit antibody (Cell Signaling), washed in TBS-T,
and enzymatic activity was visualized using an enhanced chemi-
luminescence detection kit ( GE Healthcare). Blots were stripped
and reprobed with SMADS antibody (1:2000) using the same
protocol. Chemiluminescence quantitation of scanned films was
performed using Image] 1.46r (44), with all data normalized to
total SMAD, STAT3, or actin.

mRNA purification, reverse transcription, and
quantitative real-time PCR (qRT-PCR)

Total RNA was isolated using QIAshredder and RNeasy
purification kits (QIAGEN), cDNA was synthesized from
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1000-ng RNA using the iScript cDNA synthesis kit (Bio-Rad),
and qRT-PCR was performed using the Power SYBR Green
PCR Master Mix as described previously (45) using primers in
Supplemental Table 2. Relative mRNA expression was deter-
mined using the AACt method with RPL19 as reference as
described previously (42).

Pull-down assay

Purified HJV extracellular domain fused to the IgG Fc frag-
ment (HJV.Fc) (5 png) (9) and activin B (1 ug), either individually
or together, were preincubated for 16 hours, incubated with
Protein-A beads (Pierce) for 16 hours at 4°C, and proteins were
eluted in Laemmli sample buffer as previously described (16).
Eluted proteins and solution aliquots before Protein-A pull-
down were separated by reducing SDS-PAGE followed by im-
munoblot using activin B antibody (MAB659; R&D Systems)
and human/mouse HJV antibody (AF3720; R&D Systems) (Sup-
plemental Table 1).

Surface plasmon resonance

SPR kinetics experiments were performed on a Biacore T200
(GE Healthcare) essentially as described previously (46) with
minor modifications. In brief, carrier-free recombinant human
activin B and HJV were obtained from R&D Systems. Activin B
was diluted in sodium acetate pH 4.0 (GE Healthcare) and im-
mobilized by the amine coupling method on a CMS sensor chip
to immobilization levels of 300 and 1000 RU. Data obtained
from 2 immobilization levels showed no significant difference.
HJV was diluted in running buffer HBS-EP+ (GE Healthcare) at
concentrations typically ranging from 25nM to 400nM as a se-
ries of 5 2-fold escalations with 100nM concentrations run in
duplicate in the middle and at the end of each multicycle. The
association and dissociation times were 240 and 600 seconds,
respectively. The flow rate was 30 uL/min. The sensor surface
was regenerated after each binding cycle by consecutive injec-
tions of glycine-HCI (pH 2.2) (GE Healthcare) for 60 seconds
and then 4M urea, 50mM Tris-HCI (pH 8.0), 150mM NaCl for
additional 60 seconds, followed by 100 seconds of stabilization.
The kinetic fitting was carried out with Biacore T200 evaluation
software by global fitting using 1:1 Langmuir binding model.
The Kon (association rate) and Koff (dissociation rate) values
were used to calculate K, = Koff/Kon. Experiments were re-
peated 3 times, and the mean K, = SE is reported.

Statistics

Statistical significance was determined by 2-tailed Student’s ¢
test, one- or two-way ANOVA with Dunnett’s, Bonferroni, or
Tukey post hoc test for pairwise multiple comparisons as indi-
cated using Prism 5 (GraphPad). P < .05 was considered
significant.

Results

Activin B, but not activin A, stimulates hepcidin
expression with similar potency and kinetics as
BMP6 in Hep3B cells and primary mouse
hepatocytes

The recent report that activin B can stimulate hepci-
din expression in HepG2 cells (13) is consistent with
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previous studies showing that other non-BMP TGF-f3
superfamily members can stimulate hepcidin expression
in hepatocyte-derived cells in vitro (7, 9). However, the
potency of other non-BMP ligands to stimulate hepcidin
was considerably less than BMP ligands (9). We there-
fore examined the potency of activin B to stimulate hep-
cidin expression compared with the known endogenous
hepcidin regulator BMP6 and the closest homologue
activin A.

Due to concerns that higher ligand concentrations
may crossactivate noncanonical SMAD signaling in a
way that might not be physiologically relevant, we first
performed a dose curve to determine the lowest con-
centration of activin B that reliably stimulated canon-
ical SMAD2 phosphorylation in Hep3B cells. As shown
in Figure 1A, activin B at 5 ng/mL increased SMAD2
phosphorylation by approximately S-fold, whereas
negligible stimulation was seen at 2 ng/mL. A dose-
response effect was seen for increasing ligand concen-
trations up to 25 ng/mL. Similar effects were seen for
activin A. Consistent with previous reports that higher
ligand concentrations can crossactivate noncanonical
SMAD signaling in some cellular contexts (28-34),
higher BMP6 concentrations (25 ng/mL) also stimu-
lated SMAD2 phosphorylation to some extent.

We then tested whether this minimal effective dose of
activin B (5 ng/mL) induced hepcidin (HAMP) mRNA
expression in Hep3B cells and primary mouse hepato-
cytes. In Hep3B cells, 5-ng/mL activin B significantly
increased HAMP mRNA up to 50-fold (Figure 1B). Al-
though activin B was less effective than BMP6 to induce
HAMP mRNA at this low concentration, it had equal
potency at higher concentrations (50 ng/mL) (Figure
1C). In contrast, activin A had no significant effect on
HAMP mRNA expression. The time course of HAMP
induction was similar for activin B and for BMP6,
reaching a peak at 16 hours, and returning to baseline
by 24 hours (Figure 1B). In primary mouse hepatocytes,
5-ng/mL activin B also significantly increased Hamp
mRNA with a similar potency as BMP6, whereas activin
A had no significant effect (Figure 1D).

Activin B, but not activin A, induces SMAD1/5/8
phosphorylation with similar potency and kinetics
as BMP6 in Hep3B cells and primary mouse
hepatocytes

Next, we tested whether the minimal effective dose of
activin B (5 ng/mL) induced noncanonical SMAD1/5/8
phosphorylation in Hep3B cells and primary mouse hepa-
tocytes. The potency and kinetics of noncanonical
SMAD1/5/8 phosphorylation was compared with canon-
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Figure 1. Activin B (ACTB), but not activin A (ACTA), induces hepcidin (HAMP) mRNA with
similar kinetics and similar or modestly reduced potency compared with BMP6 in Hep3B cells
and primary mouse hepatocytes. A, Hep3B cells were treated with the indicated
concentrations of BMP6, ACTA, or ACTB or with 0.1-ng/mL TGF-B1 for 6 hours, and

cells were analyzed for P-SMAD?2 relative to total SMAD2 and actin by immunoblot

and chemiluminescence quantification. A representative immunoblot is shown.
Chemiluminescence results are reported as mean * SEM of 3 separate experiments. B-D,
Hep3B cells (B and C) and primary mouse hepatocytes (D) were treated without (CTRL) or
with 5-ng/mL (B and D) or 50-ng/mL (C) BMP6, ACTA, or ACTB and analyzed at different
time points for HAMP mRNA expression relative to housekeeping RPL79 by qRT-PCR. Results
are expressed as mean + SEM of 3 separate experiments each performed in triplicate for the
fold change compared with untreated cells at each time point (CTRL), which was normalized
to 1. B and C, Statistical significance was determined using two-way ANOVA with Bonferroni
post hoc test. For both concentrations, BMP6 and ACTB, but not ACTA, treatment
significantly increased HAMP mRNA compared with CTRL (P < .001). For the 50-ng/mL
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degree as SMAD2/3 signaling, even
at low concentrations, with similar
kinetics, and with similar or mod-

estly reduced potency compared
with BMPé6.

Activin B uses SMADS, but not
SMAD2/3, to induce hepcidin in
Hep3B cells

Our next focus was to investigate
the molecular mechanism by which
activin B induces hepcidin. Although a
role for noncanonical BMP type I re-
ceptors and SMAD1/5/8 in hepcidin
induction by activin B was proposed
by Besson-Fournier et al (13), their
data were inconclusive due to the re-
sidual induction of hepcidin by activin
B in cells treated with the BMP type I
receptor inhibitor LDN-193189 com-
pared with LDN-193189 treatment
alone (with a fold increase that ap-
peared similar to the induction of
hepcidin by activin B in the absence
of LDN-193189). Additionally, the
functional importance of canonical
type I receptors, which play a key role
in noncanonical SMAD crossactiva-
tion by other TGF-B superfamily
members (28-30, 32-34), canonical
SMAD?2/3 signaling, type Il receptors,

concentration, BMP6 and ACTB treatment were not significantly different from each other.
For the 5-ng/mL concentration, ACTB had a less potent effect than BMP6 (P < .001). For
each time point, significant changes are shown as ***, P < .001 compared with CTRL. D,
Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc (***,

P < .001 relative to CTRL).

ical SMAD2/3 phosphorylation, and results were com-
pared with BMP6 and activin A. As shown in Figure 2,
activin B stimulated both SMAD1/5/8 phosphorylation
and SMAD2/3 phosphorylation in Hep3B cells (Figure
2, A-J) and primary hepatocytes (Figure 2, K-M). Phos-
phorylation of both SMAD1/5/8 and SMAD2/3 were
seen by 1 hour, persisted for 16 hours, and returned to
baseline by 24 hours. The degree of SMAD1/5/8 and
SMAD2/3 phosphorylation induced by activin B was
similar to BMP6 and activin A, respectively; however,
neither BMP6 nor activin A crossactivated noncanoni-
cal SMAD signaling at low concentrations. Activin B
also significantly increased the SMAD1/5/8 target tran-
script ID1 mRNA in both cell types (Figure 3). Thus,
activin B stimulates noncanonical SMAD1/5/8 signal-
ing and hepcidin expression in hepatocytes to a similar

and the coreceptor HJV have not been
examined. We therefore tested the ef-
fects of siRNA knockdown of endog-
enously expressed canonical and non-
canonical R-SMADs, type I receptors,
type II receptors, and the coreceptor
HJV on activin B stimulation of hepcidin expression in
Hep3B cells. As controls, siRNA effects on BMP6 stimula-
tion of hepcidin, as well as activin B or activin A stimulation
of canonical SMAD 3 signaling were tested in parallel. Effi-
cacy and specificity of all siRNAs were verified (Supplemen-
tal Figures 2—4).

We first explored whether activin B stimulation of hep-
cidin expression was dependent on canonical SMAD2/3
and/or noncanonical SMAD1/5/8 signaling. SMADS
siRNA robustly inhibited, whereas SMAD2 and SMAD3
siRNA mildly induced, basal HAMP mRNA expression
(Figure 4A). Activin B stimulation of HAMP mRNA was
significantly inhibited by SMADS, but not SMAD3 or
SMAD?2 knockdown, similar to BMP6 (Figure 4A). This
inhibition was evident even after accounting for reduced
basal HAMP expression seen with SMADS knockdown
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Figure 2. Activin B (ACTB) stimulates SMAD1/5/8 phosphorylation with similar kinetics and potency as BMP6, and SMAD2/3 phosphorylation with
similar kinetics and potency as activin A (ACTA) in Hep3B cells and primary mouse hepatocytes. Hep3B cells (A-J) and primary mouse hepatocytes (K-M)
were treated without (CTRL) or with 5-ng/mL BMP6, ACTA, or ACTB and analyzed at 1, 6, 16, and 24 hours as indicated for P-SMAD1/5/8 relative to
total SMAD1 (A, D, F, |, and K) and for P-SMAD?2 relative to total SMAD2 (B, E, G, J, and L) by immunoblot and chemiluminescence quantification.
Chemiluminescence results are reported as mean + SEM of 3 separate experiments (P-SMAD1/5/8) or 2 separate experiment (P-SMAD2) each performed

in triplicate. Representative immunoblots are shown. Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc test (*,

P < .05;

** P < .01; ***, P < .001 relative to CTRL). Activation of the P-SMAD2/3 and P-SMAD1/5/8 pathways was also verified by immunoblot using a P-
SMAD3 antibody that recognizes both P-SMAD3 and P-SMAD1 as indicated (C, H, and M). Chemiluminescence quantitation was not performed on
primary hepatocyte samples because CTRL bands were too faint, nor on P-SMAD3/1 gels because SMAD3 and SMAD1 bands were too close to each

other.
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A B lation of HAMP (Figure 5A) and
10l :EngPi - @ BMP6 ID1 mRNA (Supplemental Figure
s A ACTA 6A). In contrast, ALK7 knock-
E‘D v ACTB < 121 v ACTB Cqep - ..

o 81 (5ng/ml) Z ~ = down inhibited activin B, whereas
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® 5 [ g 8 ALK4 knockdown inhibited ac-
E T g 5 6 tivin A induction of CAGA-Luc ac-
N > 2 4 tivity (Figure 5, B and C), consis-
S s =L 2 tent with reports that activin B

SE p
ot 0 preferentially signals via ALK7
CTRL 1H 3H 6H 16H 24H CTRL 1H 3H 6H 16H comparedwith activinA, at least in
c some cellular contexts (47).

< _ Primary mouse hepatocytes When examining BMP type I re-
I S 5 = ceptors, ALK6 siRNA had a mild
» g i stimulatory effect, whereas ALK2
E_g and ALK3 siRNA had no effect on
SC — basal HAMP mRNA (Figure SD).
= o Knockdown of ALK2 and to a lesser

CTRL BMP6 ACTA ACTB
(5 ng/ml)

Figure 3. Activin B (ACTB), but not activin A (ACTA), induces ID7 mRNA with similar kinetics
and similar or modestly reduced potency compared with BMP6 in Hep3B cells and primary mouse
hepatocytes. Hep3B cells (A and B) and primary mouse hepatocytes (C) treated without (CTRL) or
with 5-ng/mL (A and C) or 50-ng/mL (B) BMP6, ACTA, or ACTB for various times as indicated
from Figure 1 were analyzed for ID7 relative RPL19 mRNA by gRT-PCR. Results are expressed and
analyzed as described in Figure 1. A and B, For both concentrations, BMP6 and ACTB, but not
ACTA, treatment significantly increased /D7 mRNA compared with CTRL (P < .001). For the 50-
ng/mL concentration, BMP6 and ACTB treatment was not significantly different from each other.
For the 5-ng/mL concentration, ACTB had a less potent effect than BMP6 (P < .001). For each
time point, significant changes are shown as **, P < .01; ***, P < .001 compared with CTRL. C,

*** P < .001 relative to CTRL.

(fold induction for activin B treatment relative to unstimu-
lated cells 27 for control siRNA, 6 for SMADS siRNA).
Results for SMAD3 and SMAD2 knockdown were un-
changed after accounting for siRNA effects on basal hep-
cidin expression. Activin B and BMP6 induction of ID1
mRNA were similarly inhibited by SMADS, but not
SMAD3 or SMAD2 knockdown (Supplemental Figure 5).
In contrast, SMAD3 knockdown inhibited, whereas
SMADS or SMAD2 knockdown increased, both activin B
and activin A stimulation of the SMAD3-specific lu-
ciferase reporter CAGA-Luc (Figure 4, B and C). Thus,
hepcidin induction by activin B depends on SMADS but
not SMAD2/3 signaling.

Activin B uses BMP type | receptors ALK2 and
ALK3, but not activin type | receptors, to induce
hepcidin in Hep3B cells

We then explored whether canonical activin type I
receptors (ALK4 and ALK7) and/or BMP type I recep-
tors (ALK2, ALK3, and ALK6) mediate activin B in-
duction of hepcidin. ALK4 and ALK7 siRNA had no
effect on basal HAMP mRNA (Figure 5A). ALK4
knockdown had no significant effect, whereas ALK7
knockdown increased both activin B and BMP6 stimu-

extent ALK3 inhibited both activin B
and BMP6 induction of HAMP and
ID1 mRNA, whereas ALK6 knock-
down had no significant effect on
HAMP or ID1 mRNA induction by
activin B (Figure 5D and Supplemen-
tal Figure 6B). Results were un-
changed after accounting for the
mild stimulatory effect of ALK6
knockdown on basal HAMP mRNA
expression. Knockdown of each
BMP type I receptor increased ac-
tivin A or activin B induction of CAGA-Luc activity (Fig-
ure 5, E and F). These data suggest that although activin
B signals via the canonical activin type I receptor ALK7 to
stimulate SMAD?2/3 signaling, it exclusively uses the BMP
type I receptors ALK2 and ALK3 to stimulate SMAD1/5/8
signaling and hepcidin expression in Hep3B cells, similar
to BMPé6.

Activin B uses canonical type Il receptors ACVR2A
and ACVR2B to induce hepcidin expression in
Hep3B cells

Next, we investigated which type II receptors mediate
activin B induction of hepcidin. Activins and BMPs share
the type II receptors ACVR2A and ACVR2B. Although
BMPR2 is classically described as a type II receptor for
BMPs, it can also mediate activin signaling in certain cel-
lular contexts (48). Type Il receptor siRNAs had no effect
on basal HAMP mRNA (Figure 6A). Knockdown of
ACVR2A or ACVR2B significantly inhibited activin B in-
duction of both HAMP mRNA and CAGA-Luc activity
(Figure 6, A and B). In contrast, only ACVR2A knock-
down inhibited BMP6 induction of HAMP (Figure 6A)
and ID1 mRNA (Supplemental Figure 7), whereas
ACVR2B knockdown had the most potent effect on ac-
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BMP6 mRNA expression (Figure 7A).
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Conversely, HJV overexpression
T augmented both activin B and
BMP6 stimulation of Hep-Luc (21)
activity (Figure 7B). Notably, ac-
tivin B still retained some ability to
induce hepcidin mRNA in primary
hepatocytes from Hjv—/— mice, al-
beit to a lesser extent than in WT
primary hepatocytes, as previously

P o Y P o Y P oo reported for BMP2 (Figure 7C)
& @\‘YQO}\VO @V‘vo O«Qg\‘@@‘@ @Vé) O«Q‘%\\Q(O@vo @Vé) (21). Thus, although HJV aug-
ments activin Band BMP induction
SiRNA of hepcidin mRNA, it is not re-
B C quired. In contrast, HJV knock-
g 20 ACTB = ACTA down did not impact activin B stim-
8 o~ g % ulated CAGA-Luc activity (Figure
% é g 15 (3’ 3 S 15 . 7D). Importantly, activin B was
g%é 10 - g% 2 10 pulled down with protein A beads
325 - 52 E 5 only in the presence of HJV.Fc (Fig-
% = . £ . ure 7E). Moreover, activin B bound
V) 2 Yo P o & directly to HJV with high affinity
& & 6@‘?0 %@‘?o 6@‘?9 i & oy\é) %\&“o %®§ (Kp, 10.7nM) as measured by SPR

SRNA o (Figure 7F).

Figure 4. Activin B (ACT B) induction of hepcidin depends on SMADS5, but not SMAD3 or
SMAD?2, in Hep3B cells. Hep3B cells were transfected with control siRNA (CTRL), siSMAD5,
siSMAD3, or siSMAD2 (40nM) either alone (A) or in combination with the SMAD3-responsive
firefly luciferase reporter (CAGA-Luc) and pRL-TK control Renilla luciferase vector (B and C).
Forty-eight hours after transfection, cells were incubated in the absence or presence of 5-ng/mL
ACT B, BMP6, or activin A (ACT A) as indicated for 6 hours, followed by measurement of HAMP
relative to RPLT9 mRNA levels by qRT-PCR (A) or relative luciferase activity (B and C). Data are
expressed as the mean = SEM from 3 separate experiments each performed in triplicate for the
fold change relative to untreated control siRNA-transfected cells, which were normalized to 1.
Statistical significance was determined by one-way ANOVA compared with control siRNA-
transfected cells treated with the same ligand (*, P < .05; **, P < .01; ***, P < .001). For
siSMAD5-transfected cells in panel A, fold change relative to untreated siSMAD5-transfected

cells is indicated over the respective bars.

tivin A induction of CAGA-Luc activity (Figure 6C).
BMPR2 knockdown augmented both BMP6 and activin B
effects in this cell line (Figure 6 and Supplemental Figure
7). Thus, activin B uses the same type II receptors,
ACVR2A and ACVR2B, to stimulate both canonical and
noncanonical R-SMAD signaling and hepcidin expression
in Hep3B cells.

Activin B binds directly to HJV and uses HJV to
stimulate hepcidin in Hep3B cells

Because the coreceptor HJV plays an important role
in BMP6-mediated hepcidin regulation (16, 21), we
tested whether HJV affected activin B-mediated hepci-
din induction in Hep3B cells. Knockdown of HJV
mildly increased basal HAMP mRNA but significantly
inhibited both activin B and BMP6 induction of HAMP

Activin B-SMAD1/5/8 signaling
exhibits some selectivity for
hepatocyte-derived cells and is
not enabled by HJV in other cell
types

We next explored whether activin
B’s ability to stimulate SMAD1/5/8
signaling was generalizable to other
cell types. We hypothesized that the
presence of HJV (also known as re-
pulsive guidance molecule [RGM]C)
or the homologous BMP coreceptors
RGMA or RGMB might be important to facilitate the
formation of receptor complexes favorable to activin
B-SMAD1/5/8 signaling. We therefore compared cell lines
that express endogenous RGMs (Hep3B and C2C12 cells)
with those that do not (KGN and IMCD cells) (Supplemental
Figure 8A). Although activin B stimulated activity of the
BMP-SMAD1/5/8-responsive luciferase reporter (BRE-
Luc) (39) in Hep3B cells, it did not significantly affect
BRE-Luc activity in other cell lines tested (Figure 7G), even
at concentrations up to 50 ng/mL (data not shown). In
contrast, BMP6 stimulated BRE-Luc activity (Figure 7G),
and activin B or A stimulated CAGA-Luc activity or
SMAD?2 phosphorylation in all cell lines tested (Supple-
mental Figure 8, B and C). In IMCD cells that lack en-
dogenous RGMs, whereas HJV transfection increased
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Figure 5. Activin B (ACT B) uses the activin type | receptor ALK7 to stimulate SMAD3 signaling but

siRNA

siRNA

the BMP type | receptors ALK2 and ALK3 to stimulate hepcidin in Hep3B cells. Hep3B cells were

transfected with control siRNA (CTRL), siALK4, siALK7, siAKL2, siALK3, or siALK6 (40nM) either alone

(A and D) or in combination with CAGA-Luc and pRL-TK (B, C, E, and F). Forty-eight hours after

transfection, cells were incubated in the absence or presence of 5-ng/mL ACT B, BMP6, or activin A
(ACT A) as indicated for 6 hours, followed by measurement of HAMP relative to RPL19 mRNA levels
by gRT-PCR (A and D) or relative luciferase activity (B, C, E, and F). Data are expressed and analyzed as

described in Figure 4.

basal and BMPé6-stimulated BRE-Luc activity, it had no
impact on activin B stimulation of BRE-Luc activity

(Figure 7H).

Endocrinology, March 2016, 157(3):1146-1162

Liver activin B is up-regulated in
multiple mouse models of
inflammation associated with
elevated hepcidin levels

Finally, we investigated whether
activin B has a physiologic role in
hepcidin induction by inflammation
in vivo. We found that liver activin B
(Inhbb) mRNA was up-regulated in
multiple mouse models of inflamma-
tion associated with increased hep-
cidin levels and hypoferremia includ-
ing LPS, turpentine, and BA models
(Figure 8 and Supplemental Figure
9). Inhbb mRNA levels peaked at 6
hours after induction in acute in-
flammatory models and persisted for
up to 11 days in the chronic BA
model (Figure 8, A—C). Interestingly,
although acute inflammation and in
particular TNFa were previously as-
sociated with robust down-regula-
tion of liver Hjy mRNA (49), which
we confirmed in our LPS and BA
models (Supplemental Figure 9, D
and F), Hjv protein expression was
more modestly affected with no
change 4 hours after LPS, approxi-
mately 35%-40% reduction 6 hours
after LPS or BA (Figure 8, G and I),
and no change in the turpentine
(Figure 8H), where Hjv
mRNA was also not reduced (Sup-
plemental Figure 9E). Hjv mRNA
expression increased back to ap-
proximately 60% of baseline levels
in the chronic BA model (Supple-
mental Figure 9F).

model

FST315 has no impact on basal
hepcidin or iron parameters but
inhibits hepcidin induction by
inflammation in mice

We then tested whether injection
of FST315, a secreted protein that
binds and inhibits activin activity
(51), impacted hepcidin up-regula-
tion by LPS and BA in mice. FST315
caused a dose-dependent inhibition

of activin B-stimulated Hep-Luc and CAGA-Luc activity
in Hep3B cells but did not affect BMP6 signaling at doses

up to 400 ug/mL (Figure 9A and data not shown). FST315
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BMP6 Discussion
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T Anemia is a common complication
of chronic inflammatory conditions
and is associated with poorer out-
comes and a lower quality of life (1).
High hepcidin contributes to the
anemia of inflammation by restrict-
ing iron availability (1). Here, we
provide the first experimental evi-
QQQ/ dence suggesting that activin B has a
© > functional role in hepcidin induction
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by inflammation in vivo by showing
that administration of the activin in-
hibitor FST315 blunts hepcidin in-

ACTA duction by LPS and BA.

Although follistatin was previ-
ously reported to alter cytokine stim-
ulation by LPS and to improve sur-
vival after a lethal LPS injection by
inhibiting activin A (54), we did not
see any effect of FST315 on LPS- or
BA-induced liver I/6 mRNA expres-
sion or Stat3 phosphorylation. Thus,

siRNA

Figure 6. Activin B (ACT B) uses the type Il receptors ACVR2A and ACVR2B to stimulate both
SMAD3 signaling and hepcidin in Hep3B cells. Hep3B cells were transfected with control siRNA
(CTRL), siBMPR2, siACVR2A, or siACVR2B (40nM), either alone (A) or in combination with
CAGA-Luc and pRL-TK (B and C). Forty-eight hours after transfection, cells were incubated in the
absence or presence of 5-ng/mL ACT B, BMP6, or activin A (ACT A) as indicated for 6 hours,
followed by measurement of HAMP relative to RPL19 mRNA levels by gRT-PCR (A) or relative
luciferase activity (B and C). Data are expressed and analyzed as described in Figure 4.

injection alone in mice did not significantly impact liver
Hamp or Id1 mRNA expression or serum iron param-
eters (Figure 9, B-D). However, FST3135 significantly
inhibited liver Hamp mRNA induction by LPS (Figure
9E). Whereas FST315 treatment did not affect induc-
tion of liver [[6 mRNA and phosphorylated Stat3 pro-
tein by LPS (Figure 9, F and G), liver P-Smad5 induction
was significantly inhibited (Figure 9H), and Id1 mRNA
induction was blunted (Figure 9I). Despite inhibiting
Hamp mRNA expression, FST315 did not significantly
reverse the hypoferremia induced by LPS at 6 hours
(Figure 9]). Of note, duodenum divalent metal trans-
porter 1 (Dmt1) and duodenum and spleen ferroportin
(Fpn) mRNA were robustly inhibited by LPS treatment
(Figure 9K), similar to previous reports (52, 53), sug-
gesting that other hepcidin-independent mechanisms
may contribute hypoferremia in the early inflammatory
response. The ability of FST315 to blunt liver Hamp
mRNA induction was also demonstrated in the BA
model at 6 hours (Figure 9L).

SRR the hepcidin lowering effects of

FST315 in our models were not due
to inhibition of the liver IL-6-STAT3
pathway. Instead, our data suggest
that FST31S$ inhibited hepcidin by
reducing liver Smad5 phosphoryla-
tion. These data are consistent with
previous studies showing that other
SMAD1/5/8 signaling inhibitors also blunted hepcidin in-
duction by inflammatory stimuli without impacting the
STATS3 phosphorylation (10, 11). These data reinforce the
notion that a functional SMAD1/5/8 pathway is required
for the STAT3 pathway to maximally induce hepcidin.
A limiting factor of our in vivo study is that FST315 is
not specific for activin B but also binds other TGF-f3 su-
perfamily members, including activin A, myostatin/
growth and differentiation factor (GDF)8, GDF11,
BMP6,and BMP7 (35, 51). Of note, follistatin has a lower
binding affinity for BMPs and GDFs compared with ac-
tivins (35, 51). Moreover, FST315 is much less potent to
inhibit the biological activity of BMP6 and BMP7 com-
pared with activins (51), which is also corroborated by our
in vitro data. Importantly, whereas a neutralizing BMP6
antibody inhibited basal hepcidin expression and in-
creased serum iron in mice (16), FST315 had no effect on
basal hepcidin expression or serum iron parameters in our
study. Instead, FST315 only inhibited hepcidin in the con-
text of an inflammatory stimulus when liver activin B
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Figure 7. Activin B (Act B) interacts with the coreceptor HJV to stimulate hepcidin expression in Hep3B cells, but the presence of HJV is not sufficient to
enable activin B-SMAD1/5/8 signaling in nonhepatocyte cells. A and D, Hep3B cells were transfected with control siRNA (CTRL) or siHJV (40nM) without
(A) or with CAGA-Luc and pRL-TK (D). Forty-eight hours after transfection, cells were incubated in the absence or presence of 5-ng/mL Act B or BMP6 as
indicated followed by measurement of HAMP relative to RPL79 mRNA levels by gRT-PCR (A) or relative luciferase activity (D). Data are expressed as the
mean = SEM from 3 separate experiments each performed in triplicate for the fold change relative to untreated control siRNA-transfected cells, which
were normalized to 1. Statistical significance was determined by 2-tailed Student’s t test for siHJV compared with siCTRL-transfected cells for each
treatment condition (*, P < .05; **, P < .01; ***, P < .001). B and H, Hep3B cells (B) or IMCD cells (H) were transfected with Hep-Luc (B) or BRE-Luc (H)
and pRL-TK, in combination with empty vector (mock) or the indicated concentrations of cDNA encoding HJV. Forty-eight hours after transfection, cells
were treated in the absence (CTRL) or presence of 5-ng/mL BMP6, activin A (Act A), or Act B for 6 hours, followed by measurement of relative luciferase
activity. Data are expressed as the mean + SEM from 2 (H) or 3 (B) separate experiments each performed in triplicate for the fold change relative to
mock-transfected untreated cells, which was normalized to 1. Statistical significance was determined by one-way ANOVA with Tukey post hoc test

(*, P<.05; ***, P < .001 relative to untreated mock-transfected cells; and +, P < .05; +++, P < .001 relative to untreated HJV-transfected cells at
each concentration). C, Primary hepatocytes isolated from Hjv—/— or littermate WT control mice were incubated in the absence or presence of 5- or 50-
ng/mL Act B followed by measurement of Hamp relative to Ro/79 mRNA by gRT-PCR. Results are expressed as mean = SEM from 4 separate experiments
each performed in duplicate or triplicate for the fold change compared with untreated WT primary hepatocytes, which was normalized to 1. For Hjv—/—
hepatocytes, fold change compared with untreated Hjv—/— hepatocytes is indicated above the relevant columns. Statistical significance was determined
by one-way ANOVA with Dunnett’s post hoc test compared with untreated cells for each genotype (*, P < .05; **, P < .01,***, P < .001), and by 2-
tailed Student's t test for Hjv—/— compared with WT cells for each ligand concentration (++, P < .01; +++, P < .001). E, Purified Act B alone, HJV.Fc
alone, or Act B in combination with HJV.Fc was incubated in solution. Act B bound to HJV.Fc was precipitated with protein A beads, and the eluted
protein complex was analyzed by SDS-PAGE, followed by immunoblot with activin B antibody (a-Act B) under reducing conditions (upper panel). As a
control to demonstrate input proteins, solution aliquots before Protein-A pull-down were also analyzed by immunoblot with anti-HJV antibody (a-HJV)
and a-Act B under reducing conditions (lower panels). Representative immunoblots from 1 of 3 separate experiments is shown. F, HJV protein was
diluted in running buffer HBS-EP+ into a series of concentrations (22nM, 44nM, 88nM, 176nM, and 352nM) and injected through a CM5 chip
immobilized with Act B at 1000 RU. Binding affinity (Kp) was measured by SPR. A representative sensogram is shown. The mean Ky = SEM from 3
separate experiments is reported. G, Hep3B, IMCD, C2C12, and KGN cells were transfected with BRE-Luc and pRL-TK. Forty-eight hours after
transfection, cells were treated with 5-ng/mL BMP6, Act B, or Act A for 6 hours, followed by measurement of relative luciferase activity. Data are
expressed as the mean = SEM from 3 separate experiments each performed in triplicate for the fold change relative to untreated cells, which were
normalized to 1. Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc test (***, P < .001 relative to untreated cells).
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Figure 8. Liver activin B mRNA expression is up-regulated in multiple mouse models of inflammation associated with increased hepcidin. A, D,
and G, Eight-week-old C57BL/6 male mice received an ip injection of LPS in or an equal volume of PBS alone. Mice were analyzed 4, 6, or 16
hours after injection (n = 6-12 mice per group). B, E, and H, Eight-week-old C57BL/6 male mice received a sc intrascapular injection of oil of
turpentine or an equal volume of PBS alone. Mice were analyzed at 6, 16, or 24 hours after injection (n = 5-6 mice per group). C, F, and |, Eight-
week-old C57BL/6 male mice received an ip injection of heat-killed BA or an equal volume of PBS alone. Mice were analyzed 6 hours or 11 days
after injection (n = 6 mice per group). Total liver RNA was analyzed by qRT-PCR for activin B (Inhbb) (A—C) and Hamp relative to Rp/79 mRNA (D-
F), with results reported as mean =+ SEM for the fold change relative to the PBS group, which was normalized to 1. Phosphatidylinositol
phospholipase C treated liver protein extracts from the indicated groups were analyzed for Hjv relative to actin protein expression by immunoblot
and chemiluminescence quantification (G-I). Immunoblots show the dominant 35-kDa band seen by this technique (50). Liver tissue from Hjv—/—
mice was used as a negative control. Statistical significance was determined by Student’s t test (C, F, H, and I) or one-way ANOVA with Dunnett’s
post hoc test with *, P < .05; **, P < .01; ***, P < .001 relative to the control (PBS) group.

mRNA expression was increased. These data suggest that
FST315 does not inhibit BMP6 at the doses used in our
study and that activins do not contribute to basal hepcidin
expression or iron homeostasis. Although our in vivo data
cannot rule out a role for other ligands in hepcidin induc-
tion by inflammation, our in vitro data demonstrate that
activin B, but not activin A, potently crossactivates non-
canonical SMAD1/5/8 signaling to induce hepcidin ex-
pression in hepatocytes. We therefore hypothesize that
inhibiting activin B is likely the mechanism by which

FST31S inhibits SMAD1/5/8 signaling and hepcidin in-
duced by LPS. Future studies will be needed to confirm this
hypothesis in vivo with more specific activin B inhibitors.

Although crossactivation of noncanonical SMAD sig-
naling has been reported for other TGF-8 superfamily li-
gands in certain cellular contexts (28 -34), activin B stim-
ulation of SMAD1/5/8 signaling in liver cells is unique in
many ways. First, activin B was similarly potent to stim-
ulate noncanonical SMAD1/5/8 and canonical SMAD2/3
signaling at low concentrations. This contrasts with other
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Figure 9. Inhibition of activin B by FST315 administration has no effect on basal hepcidin expression but blunts hepcidin induction by LPS and BA
in mice. A, Hep3B cells were transfected with Hep-Luc and pRL-TK. Forty-eight hours after transfection, cells were incubated in the absence or
presence 50-ng/mL Act B or BMP6 for 16 hours, without or with cotreatment with increasing concentrations of FST315, followed by measurement
of relative luciferase activity. Results are reported as the mean + SEM from 2 separate experiments each performed in triplicate for the fold change
relative to BMP6/Act B-treated cells without FST315. Statistical significance was determined by two-way ANOVA with Dunnett’s post hoc test;
*** P < 001 relative to BMP6/Act B-treated cells without FST315. B-L, Eight-week-old C57BL/6 male mice received an ip injection of 50-ug
FST315 in PBS or PBS alone (B-D). Alternatively, mice received an ip injection of LPS (E-K), BA (L), or an equal volume of PBS alone, together with a
second injection of PBS alone or 50-ug FST315 in PBS. Mice were analyzed 4 or 6 hours after injection (n = 11-12 mice per group in a total of 2
independent experiments for the 6-h LPS group; n = 6 mice per group for all other experiments). Total liver RNA was analyzed by qRT-PCR for
Hamp (B, E and L), IL-6 (/6) (F), and Id1 (D and I) relative to Rp/79 mRNA, with results reported as mean = SEM for the fold change relative to the
PBS group, which was normalized to 1. Liver protein extracts from a subset of mice (n = 6 per group) were analyzed for phosphorylated Stat-3
(P-Stat3) relative to total Stat-3 (G) or phosphorylated Smad5 (P-Smad5) relative to total Smad5 (H) by immunoblot and chemiluminescence
quantification. Representative immunoblots are shown. Serum was analyzed for transferrin saturation (Tf sat) (C and J). Total duodenum and
spleen RNA was analyzed by gRT-PCR for Dmt7 and Fpn relative to Rp/79 mRNA, with results reported as mean = SEM for the fold change relative
to the PBS group (K). B-D, Statistical significance was determined by 2-tailed Student’s t test. E-L, Statistical significance was determined for each
time point by one-way ANOVA with Tukey post hoc test (*, P < .05; **, P < .01; ***, P < .001 relative to the control (PBS) group or as otherwise
indicated).
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reports of noncanonical SMAD signaling, which typically
occurred only at higher ligand concentrations (28-31).
Second, the 16-hour duration of SMAD1/5/8 activation
by activin B was similar to activation of canonical SMAD
pathways by activin Band BMP6. In contrast, noncanoni-
cal SMAD signaling in previous reports was much more
transient, on the order of 1-2 hours (28-32).

A third unique feature is the mechanism of noncanoni-
cal SMAD signaling by activin B. The classical under-
standing is that the specificity of the SMAD signaling re-
sponse is determined by the L45 loop in the type I receptor
kinase domain, which interacts with the L3 loop in the
R-SMAD MH2 domain (55). The L45 sequences of the
activin and TGF- type I receptors ALKs 4, 5, and 7 are
identical and preferentially activate SMAD2/3, whereas
BMP type I receptors are composed of 2 subgroups
(ALK3/6 and ALK1/2) whose L45 sequences are different
and preferentially activate SMAD1/5/8 (33, 55). How-
ever, ALKS and ALK3 have been shown crossactivate
noncanonical SMADs under some conditions (32, 33).
TGF-B and BMP2 can also stimulate noncanonical SMAD
signaling via heteromeric complexes containing both ca-
nonical and noncanonical type I receptors in certain cel-
lular contexts (2830, 32-34). The requirement of higher

IRON

1

BMP6

ACTIVIN B

press.endocrine.org/journal/endo 1159

ligand concentrations and shorter duration of noncanoni-
cal SMAD activation in these studies may reflect a less
stable heteromeric receptor complex and/or weaker acti-
vation of noncanonical SMADs by type I receptors. In
contrast, our data suggests that in hepatocytes, activin B
signals via its canonical type II receptors, in combination
with BMP type I receptors and the coreceptor HJV, to
activate SMAD1/5/8 signaling and hepcidin expression
(Figure 10). In our model, the mechanism of crossactiva-
tion occurs at the level of type I receptor recruitment. Be-
cause this model uses a standard type Il/type I receptor
complex and canonical type I receptor-SMAD activation
pathway, this may explain why activin B-SMAD1/5/8 sig-
naling has a similar dose response and kinetics compared
with canonical activin B and BMP6 signaling.
Interestingly, activin B’s ability to stimulate SMAD1/
5/8 signaling was not universal but exhibited some selec-
tivity to hepatocyte-derived cells. This could explain why
noncanonical SMAD1/5/8 signaling by activin B was not
previously recognized. Moreover, this is consistent with
the cell context-specific nature of noncanonical SMAD
signaling reported for other TGF-8 superfamily ligands
(28-34). Why some cells exhibit noncanonical SMAD sig-
naling and others do not is still poorly understood, al-

INFLAMMATION

/ ACTIVIN A

ACVR2A v

N
Cytoplasm Nucleus

Hepatocyte

=—

Figure 10. Proposed model for activin B-mediated hepcidin regulation in hepatocytes. Under inflammatory conditions, activin B expression is
stimulated in the liver and binds to its canonical type Il receptors ACVR2A and ACVR2B, which can recruit either its canonical type | receptor ALK7
to stimulate SMAD2/3 phosphorylation or noncanonical BMP type | receptors ALK2 and ALK3 and the coreceptor HJV to stimulate SMAD1/5/8
phosphorylation. Iron regulates SMAD1/5/8 phosphorylation through BMP6, which activates a similar receptor complex that differs only in type I
receptor utilization. Phosphorylated SMAD1/5/8 stimulated by activin B or BMP6 complexes with common mediator SMAD4 to stimulate hepcidin
transcription. Activin A signals in hepatocytes via ACVR2B and ALK4 to stimulate SMAD2/3 phosphorylation, which does not stimulate hepcidin

expression.
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though receptor expression levels have been proposed to
contribute (28, 31). In our study, although the coreceptor
HJV bound to activin B and enhanced activin B-hepcidin
signaling in hepatocyte-derived cells, the presence of HJV
or other RGMs was not sufficient to enable activin
B-SMAD1/5/8 signaling in other cell types. Interestingly,
we often observed a stimulation of one TGF-S superfamily
pathway branch, when members of another branch were
knocked down. For example, knockdown of ALK7 or
BMPR2 induced both activin B- and BMP6-SMAD1/5/8
signaling. We hypothesize that inhibition of ALK7 or
BMPR2 increased the formation of receptor complexes
favorable to activin B- and BMP6-SMAD1/5/8 signaling
(ie, containing ACVR2A and ALK2 or ALK3). Relative
expression levels of these receptors could be one factor
facilitating activin B-SMAD1/5/8 signaling in hepato-
cytes, and/or there may be some other accessory protein
thatisimportant to enable activin B-SMAD1/5/8 signaling
in these cells. Future experiments are needed to under-
stand whether activin B-SMAD1/5/8 signaling is truly
unique to hepatocyte-derived cells, to determine the un-
derlying characteristic of these cells that enables activin
B-SMAD1/5/8 signaling, to elucidate why activin A with
65% sequence homology to activin B does not share its
noncanonical SMAD1/5/8 signaling ability, and to estab-
lish whether activin B-SMAD1/5/8 signaling has func-
tional roles other than hepcidin regulation under inflam-
matory conditions.

HJV was not only insufficient to enable activin
B-SMAD1/5/8 signaling nonresponsive cells, it was also
not required for activin B-SMAD1/5/8 signaling in hepa-
tocyte-derived cells, because activin B still induced hepci-
din expression in Hjy—/— primary hepatocytes, albeit to
a lesser extent that WT primary hepatocytes. This may
explain why LPS still induced hepcidin in Hjv—/— mice,
although the maximal hepcidin expression achieved was
less than in WT mice (22). These data are consistent with
previous reports that although HJV and other RGM fam-
ily coreceptors enhance cellular response to BMP ligands,
they are not required for BMP signaling (21). Notably,
although Hjy mRNA is robustly inhibited by LPS and
other acute inflammatory stimuli via TNFa (49), Hjv pro-
tein expression was not changed at 4 hours and was more
modestly reduced at 6 hours. Thus, HJV protein is present
to contribute to activin B regulation of hepcidin expres-
sion in these settings. Moreover, Hjv expression was more
modestly reduced in chronic inflammatory conditions (eg,
BA 11 d). We hypothesize that modulation of HJV ex-
pression could be one mechanism by which activin B reg-
ulation of hepcidin expression is fine-tuned in the context
of inflammation.

Mechanism and Function of Activin B-HAMP Signaling

Endocrinology, March 2016, 157(3):1146-1162

Interestingly, although FST315 inhibited hepcidin in-
duction by inflammation in the acute LPS and BA models,
hypoferremia was not reversed by FST315 treatment in
these models. This is consistent with 2 previous reports
(52, 53), suggesting that hypoferremia in the early inflam-
matory response is not entirely hepcidin dependent. For
example, hypoferremia still occurred in Hamp+/— mice
where Hamp expression was not increased by LPS (similar
to our FST315-treated animals), and to a lesser extent in
Hamp—/— mice (52). Moreover, hypoferremia was in-
duced by the toll-like receptor 2/6 activator FSL1 (a lipo-
protein ligand from Mycoplasma salivarium), in the
absence of hepcidin stimulation (53). Other hepcidin-in-
dependent mechanisms proposed to contribute to hypo-
ferremia in this context include the down-regulation of
duodenum and spleen Dmt1, duodenum cytochrome b,
and duodenum, spleen, and liver ferroportin at the mRNA
level (52, 53). We found a similar robust inhibitory effect
of LPS on Dmt1 and Fpnn mRNA expression in our study.

Despite alack of FST315 impact on hypoferremia in the
acute setting, our data provide proof of concept that ac-
tivin inhibitors can functionally inhibit hepcidin in the
context of inflammation. Inhibiting hepcidin was previ-
ously demonstrated to improve iron availability and he-
moglobin levels in more chronic animal models of anemia
of inflammation (1, 10, 11). Interestingly, one class of
hepcidin inhibitors with proven efficacy to treat anemia of
inflammation were thought to function by blocking BMP
signaling, including soluble HJV and BMP type I receptor
inhibitors (10, 11). Our data raise the possibility that one
mechanism of action of these agents may be to inhibit
activin B stimulation of hepcidin expression, because ac-
tivin B binds to HJV and uses BMP type I receptors to
induce hepcidin. Future studies will be needed to test
whether FST315 and/or other more specific activin B in-
hibitors can also reverse hypoferremia and anemia in
chronic inflammatory models. Understanding the detailed
molecular mechanisms of the activin B-hepcidin signaling
pathway may lead to the development of more targeted
treatments for anemia of inflammation.
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