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Abstract

Bone morphogenetic protein (BMP) signals coordinate developmental patterning and have essential
physiological roles in mature organisms. Here we describe the first known small-molecule inhibitor
of BMP signaling—dorsomorphin, which we identified in a screen for compounds that perturb
dorsoventral axis formation in zebrafish. We found that dorsomorphin selectively inhibits the BMP
type I receptors ALK2, ALK3 and ALK6 and thus blocks BMP-mediated SMAD1/5/8
phosphorylation, target gene transcription and osteogenic differentiation. Using dorsomorphin, we
examined the role of BMP signaling in iron homeostasis. In vitro, dorsomorphin inhibited BMP-,
hemojuvelin- and interleukin 6-stimulated expression of the systemic iron regulator hepcidin, which
suggests that BMP receptors regulate hepcidin induction by all of these stimuli. /n vivo, systemic
challenge with iron rapidly induced SMAD1/5/8 phosphorylation and hepcidin expression in the
liver, whereas treatment with dorsomorphin blocked SMAD1/5/8 phosphorylation, normalized
hepcidin expression and increased serum iron levels. These findings suggest an essential
physiological role for hepatic BMP signaling in iron-hepcidin homeostasis.

Signals mediated by BMP ligands serve diverse roles throughout the life of vertebrates. During
embryogenesis, the dorsoventral axis is established by BMP signaling gradients formed by the
coordinated expression of ligands, receptors, co-receptors and soluble antagonists! 3. Excess
BMP signaling causes ventralization (an expansion of ventral structures at the expense of dorsal
structures) whereas diminished BMP signaling causes dorsalization (an expansion of dorsal
structures at the expense of ventral structures)!-3:*. BMPs are key regulators of gastrulation,
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mesoderm induction, organogenesis and endochondral bone formation, and they regulate the
fates of multipotent cell populations>. BMP signals also have critical roles in physiology and
disease, and they are implicated in primary pulmonary hypertension, hereditary hemorrhagic
telangiectasia syndrome, fibrodysplasia ossificans progressiva and juvenile polyposis
syndromef 38,

The BMP signaling family is a diverse subset of the transforming growth factor-f3 (TGF-)
superfamily®. Over 20 known BMP ligands are recognized by three distinct type II receptors
(BMPRII, ActRIla and ActRIIb) and at least three type I receptors (ALK2, ALK3 and ALK6).
Dimeric ligands facilitate assembly of receptor heteromers, thereby allowing the constitutively
active type II receptor serine/threonine kinases to phosphorylate type I receptor serine/
threonine kinases. Activated type I receptors phosphorylate BMP-responsive SMAD effectors
(SMADI1, SMADS and SMADS) to facilitate nuclear translocation in complex with SMAD4,
a co-SMAD that also facilitates TGF signaling. In addition, BMP signals can activate
intracellular effectors such as mitogen-activated protein kinase (MAPK) p38 in a SMAD-
independent manner!?. Soluble BMP antagonists such as noggin, chordin, gremlin and
follistatin limit BMP signaling by ligand sequestration. Co-receptors such as members of the
repulsive guidance molecule (RGM) family (including RGMa, DRAGON (RGMb) and
hemojuvelin (HIV, RGMc)) enhance the response to low levels of BMP ligands in the target
tissues in which they are expressed!!-12,

Recent work suggests a role for BMP signals in regulating expression of hepcidin, a peptide
hormone and central regulator of systemic iron balance!3~16. Hepcidin binds and promotes
degradation of ferroportin, the sole iron exporter in vertebrates. Loss of ferroportin activity
prevents mobilization of iron to the bloodstream from intracellular stores in enterocytes,
macrophages and hepatocytes!”. Hepatic hepcidin expression is responsive to states of iron
deficiency or overload, inflammation, and hypoxia, but the mechanisms by which the liver
senses these stimuli and regulates hepcidin expression remain unclear, especially because the
promoter for the HAMP gene (the gene that encodes hepcidin) does not seem to have elements
known to be modulated by iron levels. Mice conditionally deficient in SMADA4 fail to induce
hepcidin following iron or interleukin 6 (IL-6) challenge!8, which suggests that BMP and/or
TGF-B pathways transduce signals mediated by iron or inflammation. As further evidence of
a link between BMP signaling and iron metabolism, mutations in Hfe2 (which encodes the
BMP co-receptor HIV) have been identified in juvenile hemochromatosis, a disease in which
iron overload fails to trigger hepcidin expression’.

Pharmacological tools that selectively inhibit BMP signaling, but not TGF- or other pathways,
could help elucidate the roles of BMP signaling in diverse physiological processes, including
iron homeostasis. Specific inhibitors of the BMP receptors have not yet been identified, perhaps
because of the difficulty in targeting a set of BMP receptor kinases while avoiding hundreds
of structurally similar kinases. Traditional high-throughput in vitro screens identify small
molecules with activity against a kinase of interest, but both extensive counterscreening against
other kinases and animal testing are required to confirm specificity. To circumvent these
challenges, we sought an in vivo screening approach that would identify compounds that inhibit
BMP signaling while selecting against those with nonspecific or undesirable biological effects.
By screening a diverse chemical library for small molecules that dorsalize zebrafish embryos,
we identified a compound that blocks BMP signaling by inhibiting type I receptors ALK?2,
ALK3 and ALK6. Although previously described as an inhibitor of AMP-activated protein
kinase (compound C), we found that the compound elicits phenotypes reflecting a high degree
of selectivity for BMP signaling in vivo. Using this selective BMP inhibitor, we report that
BMP signaling is essential for iron homeostasis and that pharmacological BMP inhibition can
be used to increase serum iron levels in vivo.
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RESULTS

Dorsomorphin induces dorsalization in zebrafish embryos

Small-molecule inhibitors of BMP signaling were sought using an in vivo screening assay
based on the premise that BMP antagonists would dorsalize developing zebrafish embryos.
Over 7,500 compounds were tested from our small-molecule collection, which consists of
known bioactive molecules, US Food and Drug Administration—approved drugs and a
commercial molecular diversity library. Zebrafish embryos were arrayed into 96-well plates,
incubated with compounds starting 4 h post fertilization (h.p.f.) and assessed visually at 24 and
48 h.p.f. One compound, which we call dorsomorphin (1, Fig. 1a), produces substantial and
reproducible dorsalization of zebrafish embryos. Dorsomorphin-treated embryos show
expansion of structures derived from the dorsal pole of spherical embryos at the expense of
structures derived from the ventral pole!-3# (Fig. 1b—e).

The extent of dorsalization induced by dorsomorphin varied as a function of dose and timing.
When added at 6-8 h.p.f., dorsomorphin caused mild dorsalization manifested as the absence
of the ventral tail fin (Fig. 1b,c), similar to that of noggin-overexpressing and lost-a-fin (ALKS
mutant) zebrafish?3. Zebrafish treated with dorsomorphin at 4 h.p.f. occasionally had an
ectopic tail appendage in addition to the absent ventral fin (Fig. 1d), which resembled transgenic
zebrafish expressing a heat-shock-inducible dominant negative BMP type I receptor after the
shield stage'®. When dorsomorphin was added to embryos at 1-2 h.p.f., caudal and posterior
structures of the tail derived from the embryonic ventral pole were more profoundly disrupted
(Fig. 1e), which resembled fish with more severe BMP signaling defects?. The addition of
compound at 2 h.p.f. led to altered gastrulation and somitogenesis similar to that observed in
lost-a-fin fish?, with ovoid dorsalized morphology at the bud stage (Fig. 1f,g) and abnormal
tailbud morphology at the 10-somite stage (Fig. 1h,i). Treatment of embryos with >5 uM
dorsomorphin at <8 h.p.f. phenocopied with high penetrance the spectrum of dorsalization
defects observed in zebrafish with defective BMP signaling (Supplementary Fig. 1 and
Supplementary Table 1 online) but did not result in cyclopia, a phenotype associated with
defective TGF-P signaling20.

Dorsomorphin is structurally identical to compound C, a molecule previously shown to
antagonize AMP-activated kinase (AMPK) activity in vifro with an estimated functional K; of
10 to 20 uM (ref. 21). To test whether AMPK inhibition contributes to the effects of
dorsomorphin on dorsoventral axis formation, we tested structurally unrelated inhibitors of
AMPK activity such as C75 (3) and Ara-A (2)?>23. These inhibitors did not dorsalize zebrafish
embryos but instead caused nonspecific toxicity such as developmental delay and death that
was not observed with dorsalizing concentrations of dorsomorphin (Supplementary Table 2
online). Moreover, knock-down of AMPK activity in zebrafish by morpholino injection did
not cause dorsalization (Supplementary Fig. 2 online). Dorsomorphin is structurally related to
a series of compounds that has been shown to inhibit the activity of the receptor tyrosine kinase
KDR (ref. 24). At the doses of dorsomorphin used in our experiments, however, we did not
observe any of the known effects of KDR inhibition on zebrafish vascular development, such
as disrupted formation of intersomitic blood vessels2> (Fig. 1c—e). Therefore, dorsomorphin-
induced dorsalization is not caused by AMPK or KDR inhibition.

Dorsomorphin expands dorsal marker expression

To confirm the impact of dorsomorphin on dorsoventral axis formation, the expression of dorsal
and ventral markers were examined. Expression of the ventral marker eve! at the 18-somite
stage was reduced in dorsomorphin-treated embryos relative to controls (Fig. 1j,k), which is

Note: Supplementary information and chemical compound information is available on the Nature Chemical Biology website.
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consistent with dorsalization?. At the 6-somite stage, pax2a (pax2.1) expression demarcates
the optic stalk, mid-hindbrain boundary and otic vesicles?6. Dorsomorphin treatment induced
expansion of these dorsal tissues (Fig. 11,m). Similarly, dorsomorphin induced lateral
expansion of egr2b (krox20), amarker of rhombomeres 3 and 5, and myod, a marker of posterior
myotomes (Fig. 1n,0). Thus, dorsomorphin induced changes in the expression of dorsal and
ventral markers consistent with the effects of dorsalization seen in zebrafish BMP pathway
mutants?”.

Dorsomorphin reverses ventralization in chordin morphants

Because treatment with dorsomorphin mimics BMP antagonism in zebrafish, it was postulated
that dorsomorphin might rescue ventralization caused by loss of the endogenous BMP
antagonist chordin8:2%, Zebrafish were injected with chordin morpholino (1 ng) at the 1-cell
stage, which caused moderate ventralization with expansion of the ventral fin and the
intermediate cell mass (ICM) (Fig. 1 p)29. Dorsomorphin treatment of chordin morphants at 2
h.p.f. reduced the size of the ventral fin and ICM (Fig. 1q). Therefore, dorsomorphin treatment
compensates for the loss of an endogenous BMP antagonist in zebrafish embryos, thus
confirming its function as a BMP antagonist.

Dorsomorphin inhibits SMAD-dependent BMP signals

The effect of dorsomorphin on BMP signaling was tested in vitro. Cultured mouse pulmonary
artery smooth muscle cells (PASMCs) express a complement of BMP receptors. In response
to diverse BMP ligands, PASMCs show SMAD1/5/8 activation, MAPK p38 activation, and
transcription of inhibitor of differentiation (/d) genes, a group of dominant negative—acting
basic helix-loop-helix transcription factors that generally act to promote proliferation and
inhibit differentiation3%-3!. Dorsomorphin inhibited BMP4-induced phosphorylation of BMP-
responsive SMADs in a dose-dependent manner (half maximal inhibitory concentration
(IC50) = 0.47 uM), without affecting MAPK p38 activation (Fig. 2a,b). The unique ability of
dorsomorphin to functionally separate SMAD1/5/8 and MAPK p38 activation suggests that
BMPs activate these effectors by distinct mechanisms. In contrast to dorsomorphin, noggin
inhibited BMP4-induced phosphorylation of both SMAD1/5/8 and MAPK p38 (Fig. 2¢), which
is consistent with inhibition of SMAD-dependent and SMAD-independent signaling by
sequestration of BMP ligands. Dorsomorphin (4 M) inhibited the activity of structurally
diverse BMPs, blocking BMP-responsive SMAD activation by BMP2, BMP4, BMP6 and
BMP?7 (Fig. 2d) and reducing phosphorylated SMAD levels in untreated cells to below basal
levels. Dorsomorphin did not inhibit SMAD2 activation by TGF-B1 at concentrations equal to
or greater than those that were inhibitory to BMP signaling, and it modestly inhibited SMAD2
activation by activin A only at concentrations >10 uM (Fig. 2e,f). These results are depicted
quantitatively in Supplementary Figure 3a—e online.

Dorsomorphin inhibits BMP type | receptor function

To test whether or not dorsomorphin inhibits the function of BMP type II receptors, we tested
dorsomorphin in PASMCs lacking the BMP type II receptor (BMPR-II). BMPR-II-deficient
cells use the activin type IIa receptor (ActR-IIa) instead of BMPR-II to activate the type | BMP
receptors>?. Dorsomorphin inhibited signaling by BMP2, BMP4, BMP6 and BMP7 in BMPR-
II-deficient cells (Supplementary Fig. 3f), which demonstrates that dorsomorphin inhibits
BMP signals in the presence or absence of BMPR-II. This finding suggested dorsomorphin
might inhibit signaling of BMP type I receptors downstream of type II receptors. To test this
hypothesis, cells were transfected with constitutively active (ca) forms of the BMP type I
receptors ALK2, ALK3 and ALK®6. Transfection with these constitutively active receptors
increased the phosphorylation of SMAD1/5/8 in cell extracts—an effect that was inhibited by
preincubation with dorsomorphin (Fig. 2g). Similarly, transfection with caALK?2, caALK3 or
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caALK®6 increased Id! promoter (BRE-Luc) activity by 5- to 12-fold in the absence of ligand.
Dorsomorphin inhibited the activity of caALK?2, caALK3 and caALK®6, with apparent
selectivity for c;tALK?2 and caALK3 over caALK®6 (Fig. 2h). At similar concentrations,
dorsomorphin did not inhibit the function of constitutively active ALK4, ALKS or ALK?7, the
TGF- and activin type I receptors (Supplementary Fig. 4 online). The ability of dorsomorphin
to (i) block BMP-mediated SMAD1/5/8 phosphorylation and (ii) inhibit the ability of activated
BMP type I receptors to phosphorylate SMAD1/5/8 and induce downstream transcription
argues strongly that dorsomorphin inhibits BMP type I receptor kinase function.

Dorsomorphin inhibits osteoblast differentiation

The ability of dorsomorphin to block BMP-mediated signaling and transcriptional activity
suggested that dorsomorphin might block BMP-induced osteoblast differentiation. Alkaline
phosphatase activity (a marker of osteogenic differentiation) in myofibroblast C2C12 cells was
efficiently induced by BMP4 and was induced to a lesser extent by BMP6 after 5 d of culture
(Fig. 3a). This activity was almost completely abolished by the addition of dorsomorphin at 4
UM, a concentration at which no significant effects on cell count (Fig. 3b) were observed. These
findings suggest that, consistent with inhibition of BMP function, dorsomorphin inhibits BMP-
induced osteogenic differentiation in multipotent mesenchyme-derived cells without
cytotoxicity.

To test whether or not the effects of dorsomorphin on osteogenic differentiation in vitro could
be extended to osteogenesis in vivo, we analyzed bone mineralization in zebrafish embryos.
To circumvent dorsalization during early embryogenesis, zebrafish were exposed to
dorsomorphin beginning 24 h.p.f.—that is, after establishment of the dorsoventral axis. 10 d
post fertilization, calcein staining was performed to assess bone mineralization. Treatment with
dorsomorphin resulted in inhibition of bone mineralization, with fewer calcein-stained
vertebral segments relative to control larvae (Fig. 3c—f). Despite altered bone mineralization,
fish treated with dorsomorphin otherwise appeared morphologically and functionally normal
by brightfield microscopy (Supplementary Fig. 5 online).

Dorsomorphin inhibits hepcidin transcription

BMPs, HIV and IL-6 induce hepcidin expression in cultured hepatocytes!!-32734 and cultured
hepatoma cells2:35, HJV functions as a BMP co-receptor, but it is unclear whether or not IL-6—
induced hepcidin expression requires BMP signaling!®. Treatment with BMP2 (Fig. 4a) or
transfection with complementary DNA encoding HIV (Fig. 4b) induced transcriptional activity
of the hepcidin promoter in hepatoma-derived Hep3B cells. BMP2- and HJV-induced hepcidin
promoter activities were both effectively abrogated by the addition of dorsomorphin. HepG2
cells show higher basal hepcidin expression than Hep3B cells!!. Treatment with dorsomorphin
reduced basal hepcidin expression by over 50-fold in HepG2 cells and abolished the induction
of hepcidin expression by BMP2 (Fig. 4c). In contrast to dorsomorphin, treatment of Hep3B
cells with Ara-A at concentrations sufficient to inhibit AMPK (ref. 39) did not impair BMP-
induced hepcidin mRNA expression, making it unlikely that dorsomorphin inhibited hepcidin
expression via effects on AMPK (Supplementary Fig. 6 online). Treatment with IL-6 induced
hepcidin and Id1 expression in Hep3B cells, whereas the addition of dorsomorphin blocked
IL-6-mediated induction of both hepcidin and Id1 (Fig. 4d,e). These findings suggest that
BMP-, HJV- and IL-6—-mediated hepcidin expression are all regulated by signaling via BMP
type I receptors.

Dorsomorphin inhibits iron-mediated SMAD activation

In vivo, iron induces the hepatic expression of hepcidin to adaptively curtail excess ferroportin-
mediated iron transport!4:17, but it is unclear whether or not BMP signaling is involved in this
feedback process. To ascertain the potential role of BMP signaling in iron feedback regulation
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of hepcidin, the effect of systemic iron challenge on hepatic SMAD1/5/8 activation was
examined. Intraperitoneal injection of iron-dextran in adult zebrafish led to a nearly three-fold
increase in SMAD1/5/8 phosphorylation in liver extracts within 1 h, relative to dextran-injected
controls (Fig. 5a). When zebrafish were coinjected with iron-dextran and dorsomorphin,
SMAD1/5/8 phosphorylation decreased by nearly three-fold relative to fish injected with iron-
dextran and vehicle (Fig. 5b). Similarly in mice, intravenous injection of iron-dextran and
vehicle led to a more than three-fold increase in SMAD1/5/8 phosphorylation in liver extracts
after 1 h, relative to mice injected with dextran and vehicle (Fig. 5c). Coinjection of
dorsomorphin in mice abolished the iron-mediated increase in hepatic SMAD1/5/8
phosphorylation. These observations in two species demonstrate that hepatic SMAD1/5/8
activation is rapidly induced by iron and is effectively inhibited by dorsomorphin.

Dorsomorphin inhibits iron-induced hepcidin transcription

Although systemic iron challenge is known to induce hepcidin expression in vivo, the
responsible mechanisms are incompletely understood given that the hepcidin promoter lacks
recognizable transcriptional elements that are known to respond to changes in iron levels. The
observation that iron challenge causes hepatic SMAD1/5/8 activation led to the hypothesis that
BMP signaling mediates hepcidin expression in response to iron. Adult zebrafish normally
express relatively low levels of hepcidin mRNA. After 3 h, fish treated with iron-dextran and
vehicle showed a four-fold increase in hepatic hepcidin mRNA levels relative to fish injected
with dextran and vehicle (Fig. 5d). Cotreatment of fish with dorsomorphin inhibited the
increase in hepcidin mRNA levels seen with iron-dextran injection, which suggests that iron
induces hepcidin expression via a BMP-dependent mechanism.

Dorsomorphin induces hyperferremia in mice

Wild-type (WT) C57BL/6 adult mice that are fed a standard iron-replete diet express high
levels of hepcidin!, which is presumably induced by abundant provision of iron. The ability
of dorsomorphin to block iron-induced hepcidin expression in zebrafish led to the hypothesis
that dorsomorphin could inhibit basal hepcidin expression and increase serum iron levels in
iron-replete mice. 6 h after dorsomorphin was administered intravenously, hepatic hepcidin
mRNA levels were reduced to one-third of that of vehicle-injected mice (P < 0.01) (Fig. Se).
Alterations in hepcidin levels affect serum iron concentrations within 24 h via the altered
mobilization of intracellular iron by ferroportin®3. Administration of dorsomorphin over 24 h
led to a 60% increase in total serum iron concentrations (Fig. 5f). Dorsomorphin treatment is
therefore effective in reducing basal levels of hepcidin expression and increasing serum iron
concentrations in adult mice.

DISCUSSION

Using the new approach of screening for stereotyped deviations in embryonic dorsoventral
patterning, we have identified a molecule that selectively inhibits BMP signaling. This small-
molecule inhibitor recapitulates with high specificity and low toxicity the phenotypic spectrum
of embryos with genetic defects in the BMP signaling pathway. The functional specificity of
dorsomorphin is demonstrated in vivo by its ability to compensate for the loss of the BMP
antagonist chordin during dorsoventral axis formation and by its ability later in development
to inhibit axial skeleton mineralization in the absence of other observable defects. Functional
selectivity for BMP signaling is further supported by in vitro data demonstrating that
dorsomorphin preferentially inhibits BMP signaling over TGF-f or activin signaling.

Despite the apparent selectivity of dorsomorphin for BMP signaling, it is important to consider
the possibility that dorsomorphin, like all known kinase inhibitors, may affect other kinase
targets, particularly at higher doses. Although dorsomorphin is structurally identical to a
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molecule previously shown to antagonize AMPK activity?!, AMPK inhibition does not seem
to be responsible for the effects of dorsomorphin on dorsoventral axis formation or hepcidin
regulation, because neither pharmacological nor morpholino-mediated inactivation of AMPK
reproduces these effects. Nevertheless, when using dorsomorphin, the possibility of
confounding effects from secondary targets needs to be considered, and the lowest effective
concentrations should be used to maximize selectivity for BMP signaling.

Previously, in vivo inhibition of BMP signaling in experimental therapy has been accomplished
by administration of soluble receptor extracellular domains or ligand-specific neutralizing
antibodies?’, or by gene transfer of endogenous antagonists such as noggin or follistatin3%-3,
Because all of these strategies for inhibiting BMP signaling function by sequestering BMP
ligands, they do not offer the possibility of differentiating between SMAD-dependent and
SMAD-independent BMP signaling mechanisms. Dorsomorphin inhibits SMAD activation
without compromising the ability of BMPs to activate MAPK p38 in PASMCs, which suggests
that this function may be independent of SMAD activation. It is possible that adaptor proteins
that transduce MAPK signals from BMP receptors*? do not require type I receptor kinase
function. Dorsomorphin might help to elucidate the mechanisms by which SMAD-independent
BMP signals are transduced, as well as the functional significance of such signals.

A small-molecule inhibitor provides great advantages in that it permits dissecting the function
of BMP signals with exquisite temporal control while bypassing early embryonic lethality.
Dorsomorphin inhibits osteogenic differentiation of myofibroblasts in vitro and alters bone
mineralization in zebrafish, which is consistent with inhibition of BMP signals critical for
osteoblast commitment. In a similar fashion, time- and dose-controlled use of dorsomorphin
may allow characterization of BMP functions throughout early and late development and in
formation of multiple organ systems including the heart, kidneys and vasculature. Because
BMPs also regulate regeneration of mature tissues and stem cell differentiation*!+42,
modulating BMP signaling might also prove useful for the manipulation of progenitor cells.

Beyond development and cell fate determination, a potential role for BMP signaling in iron
metabolism has recently emerged. The identification of Hfe2 gene mutations in juvenile
hemochromatosis, which is characterized by low hepcidin levels and excessive iron
accumulation, and the recognition that Hfe2 encodes the BMP co-receptor HIV, both suggest
that BMPs have a role in iron regulation’+!!. The observation that BMPs and HJV induce
hepatocytes to express hepcidin, which in turn inactivates ferroportin, provides a mechanism
by which BMP signals may modify systemic iron metabolism. Recently it was reported that
holotransferrin inhibits shedding of HI'V from hepatoma cells, which reveals a potential
mechanism by which iron might modulate BMP signaling*3. Here we provide the first
experimental evidence that systemic iron administration rapidly activates BMP-responsive
SMAD:s in the liver, and that iron-mediated hepcidin expression requires BMP signaling. The
present data suggest that IL-6—induced hepcidin expression also requires intact BMP signaling
in hepatocytes. The functional importance of BMP signaling in iron regulation is supported
by the ability of dorsomorphin to inhibit hepcidin expression and raise serum iron levels in
vivo. Taken together, these findings demonstrate an essential role of BMP signaling in iron-
and inflammation-mediated hepcidin expression (Fig. 5g).

Whereas impaired hepcidin expression leads to iron overload, excessive hepcidin expression
leads to hypoferremia and anemia. Anemia of chronic disease, a condition affecting almost
half of all chronically ill people, is thought to be caused by maladaptive overexpression of
hepcidin induced by chronic inflammation33:34:44. Dorsomorphin’s ability to block hepatic
BMP-responsive SMAD activation, inhibit hepcidin expression and increase serum iron
concentrations strongly suggests that BMP type I receptor inhibition may be an effective
therapeutic approach for reversing states of elevated hepcidin levels of diverse etiologies.

Nat Chem Biol. Author manuscript; available in PMC 2009 August 17.
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Therefore, in addition to being a useful tool for fundamental studies of BMP signaling,
dorsomorphin may lead to new therapies for treating anemia of chronic disease.

Until now, traditional methods for identifying small-molecule inhibitors have not yielded a
specific BMP pathway inhibitor, perhaps because of the homology between BMP receptor
kinases and other kinases. Kinase inhibitor discovery has been an area of intense interest, in
part because of the therapeutic potential of kinase inhibitors in cancer chemotherapy. Despite
this interest, identifying specific kinase inhibitors remains arduous, requiring coordinated
selection for activity toward the target and selection against activity toward related kinases that
might interfere with the desired effect. In this report, a rapid in vivo screening approach
facilitated the identification of an inhibitor of the target pathway while excluding many
nonspecific compounds with confounding toxicity. We screened for small molecules that could
phenocopy genetic mutations in the BMP pathway without phenocopying genetic mutations
in the TGF-f pathway. The selectivity of the resulting molecule for BMP over TGF-f signaling
supports the notion that organism-based screening using well-defined phenotypes can identify
previously elusive inhibitors of important target pathways.

METHODS

Screening for small molecules that perturb dorsoventral axis in zebrafish embryos

All zebrafish experiments were approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care. Pairs of WT zebrafish were mated, and newly
fertilized eggs were arrayed in triplicate in 96-well plates containing E3 buffer (5 mM NaCl,
0.17 mM KCl, 0.33 mM CacCly,, 0.33 mM MgSOy,). At4 h.p.f., compounds were added to wells
at 5-10 uM. Embryos were incubated at 28.5 °C, and gross morphology of embryos was
examined at 12, 24 and 48 h.p.f. for dorsalization or ventralization of embryonic axis, as
previously described?. In total, 7,570 compounds were screened, including synthetic screening
compounds (Chembridge Corporation, 5,580 small molecules) and known bioactive
compounds (Microsource Discovery Systems, 1,840 small molecules, and Sigma-Aldrich, 150
small molecules). For follow-up studies, dorsomorphin (compound C, 6-[4-(2-piperidin-1-yl-
ethoxy)phenyl]-3-pyridin-4-yl-pyrazolo[ 1,5-a]pyrimidine) and C75 were purchased from
EMD Biosciences, and Ara-A (adenine 9-B-p-arabinofurano-side) was purchased from Sigma.

Wholemount zebrafish in situ hybridization

Cell culture

In situ hybridization was performed as previously described®. Zebrafish egr2b, pax2a and
myod probes were produced as previously described*.

WT and BMPR-II-deficient PASMCs were isolated as previously described? and cultured in
RPMI medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS). C2C12 cells
(American Type Culture Collection) were cultured in DMEM (Invitrogen) supplemented with
glutamine and 10% FBS. HepG2 cells and Hep3B cells (ATCC) were cultured in minimal
essential alpha medium with .-glutamine (a-MEM, Invitrogen) containing 10% FBS. For
studies of SMAD activation in vitro, PASMCs were incubated in 0.5% FCS RPMI for 24 h,
followed by preincubation with drug compounds, noggin or vehicle for 30 min, followed by
the addition of recombinant BMP2, BMP4, BMP6, BMP7, TGF-B1 or activin A (R&D
Systems) for 30 min.

Immunoblot analysis of BMP and TGF-B—responsive SMAD phosphorylation

Cell extracts or tissues were mechanically homogenized in SDS-lysis buffer (62.5 mM Tris-
HCI (pH 6.8), 2% SDS, 10% glycerol, 50 mM DTT, 0.01% bromophenol blue), separated by
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SDS-PAGE, immunoblotted with anti-phospho-SMAD1/5/8, anti-phospho-SMAD?2 (Cell
Signaling) or anti-a-tubulin (Upstate/Millipore) antibodies, and visualized using ECL Plus (GE
Healthcare). Levels of immunoreactive proteins were quantitated by ImageQuant on a Storm
phosphorimager (GE Healthcare).

Alkaline phosphatase activity

C2C12 cells were seeded into 96-well plates at 2,000 cells per well in DMEM supplemented
with 2% FBS. Wells were treated in quadruplicate with BMP ligands and dorsomorphin or
vehicle. Cells were harvested after 5 d in culture with 50 ul Tris buffered saline, 1% Triton
X-100. Lysates were added to p-nitro-phenylphosphate reagent in 96-well plates (Sigma) for
1 h, and alkaline phosphatase activity expressed as absorbance at 405 nM. Cell viability and
quantity were measured by Cell-titer Glo (Promega) and binding of nuclear dye CyQuant
(Invitrogen), respectively, using replicate wells treated identically to those used for alkaline
phosphatase measurements.

Zebrafish bone mineralization

WT zebrafish embryos were raised in E3 buffer containing phenylthiourea. At 1 day post
fertilization (d.p.f.), embryos were treated with dorsomorphin (1-4 uM) or DMSO vehicle. At
5 d.p.f. and onward, larvae were fed for 1 h every other day. Following each feeding, residual
food was washed out and medium was replaced with E3 containing dorsomorphin or vehicle.
At 10 d.p.f., larvae were immersed in 0.2% calcein (Sigma) for 30 min. Embryos were washed
repeatedly in E3 buffer for 3 h to remove unbound calcein and anesthetized with tricaine.
Calcified skeletal structures were visualized by green fluorescence, and the number of vertebral
bodies were counted.

BMP-responsive element and hepcidin promoter luciferase reporter assays

Mouse PASMCs grown to 50% confluence in 6-well plates were transiently transfected with
0.3 ug Id1 promoter luciferase reporter construct (BRE-Luc)*’ in combination with 0.6 pg of
plasmids expressing constitutively active forms of BMP type I receptors (caALK2, caALK3
or caALK6)*8 using Fugene6 (Roche). To assess activin and TGF-B type I receptor function,
PASMCs were transiently transfected with 0.3 ug PAI-I promoter luciferase reporter construct
(CAGA-Luc*) in combination with 0.6 ug of plasmids expressing constitutively active forms
of type I receptors (caALK4, caALKS5 and caALK?7)3. For both reporter plasmids, 0.2 ug of
pRL-TK Renilla luciferase (Promega) was used to control for transfection efficiency. PASMCs
were incubated with dorsomorphin (4—-10 uM) or vehicle starting 1 h after transfection. Cell
extracts were harvested, and relative promoter activity was quantitated by the ratio of firefly
to Renilla luciferase activity using the dual luciferase assay kit (Promega). HepG2 or Hep3B
cells were transiently transfected with 2.5 pg hepcidin promoter luciferase reporter!! in
combination with 0.25 pg pRL-TK to control for transfection efficiency, with or without 20
ng cDNA encoding FLAG-tagged human HJV. 2 d after transfection, HepG2 and Hep3B cells
were incubated in 1% FBS o-MEM for 6 h, treated with dorsomorphin (10 pM) or vehicle for
30 min, and then incubated for 16 h in the presence or absence of BMP2 (25 ng m1™!). Hepcidin
promoter activity was measured by luciferase assay as described above. See Acknowledgments
for sources of luciferase reporter constructs and caALKSs.

Iron-dextran injections

Adult fish were anesthetized with tricaine and injected with 10 ul of iron-dextran solution (100
mg ml~!, average dextranMW= 5,000, Sigma) into the abdominal cavity with dorsomorphin
(23 ug g7 or vehicle (DMSO). Control fish were injected with 10 ul of dextran (average MW
= 5,000, Sigma). Fish were revived in water. 1 h after injection, fish were anesthetized on ice,
and livers were collected into 200 ul SDS-lysis buffer and homogenized mechanically. 15 ul
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of protein extract was fractionated by SDS-PAGE and immunoblotted, as described above. 3
h after injection, total RNA was extracted from mechanically homogenized zebrafish livers
using Trizol reagent (Invitrogen).

All mouse experiments were approved by the Massachusetts General Hospital Subcommittee
on Research Animal Care. 12-week-old C57BL/6 mice raised on a standard diet (Isopro RMH
3000, Prolab) were injected via the tail vein with 0.2 g kg1 of dextran (average MW = 5,000,
Sigma) or 0.2 g kg1 of iron-dextran USP (DexFerrum, American Regent Laboratories).
Dextran was injected with vehicle only, whereas iron-dextran was injected with either vehicle
or dorsomorphin (10 mg kg™ 1). 1 h after injection, mice were killed and liver segments were
collected in 500 pl of SDS-lysis buffer and mechanically homogenized. 20 ul of liver extracts
were resolved by SDS-PAGE and immunoblotted. Total RNA was harvested using Trizol from
mechanically homogenized mouse livers (6 h after injection with a single intraperitoneal dose
of dorsomorphin (10 mg kg™!) or DMSO).

Quantitative hepcidin RT-PCR

Hep3B or HepG?2 cells were incubated in a-MEM with 1% fetal calf serum for 6 h in the
presence or absence of dorsomorphin (10 uM) with or without BMP2 (25 ng mI™!) or human
IL-6 (R&D Biosystems, 100 ng ml~!), and RNA was extracted with Trizol. Quantitative RT-
PCR was performed for mRNA from Id1 or hepcidin, as previously described!!-3°, and
normalized to 18S rRNA or B-actin mRNA levels.

In mouse and zebrafish experiments, quantitative RT-PCR was performed on cDNA generated
from equal quantities of RNA extracted from livers of treated animals. Triplicate or
quadruplicate experiments were performed as indicated. Expression levels of mRNA from
zebrafish and mouse hepcidin were measured as previously described!*18 and normalized to
liver fatty acid binding protein mRNA (zebrafish) and 18S rRNA (mouse) levels, respectively.

Serum iron measurements

Whole blood was collected from mice by cardiac puncture into Microtainer serum separator
tubes (BD Scientific), and serum was isolated according to the manufacturer’s instructions.
Serum iron levels were measured by colorimetric assay using the Iron/UIBC kit (Thermo Fisher
Scientific).

Statistical analysis

The statistical significance of compared measurements was measured using the Student’s two-
tailed 7-test or one-way ANOV A with Bonferroni correction. Hill plot analysis of dorsomorphin
inhibition of SMAD1/5/8 phosphorylation was performed using GraFit (Erithacus Software).
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Figure 1.

Dorsomorphin induces dorsalization in zebrafish embryos. (a) Structure of dorsomorphin.
(b) Vehicle-treated WT zebrafish embryo 36 h.p.f. Ventral tail fin is highlighted in brackets.
(c) Zebrafish embryo treated with 10 uM dorsomorphin (DM) at 68 h.p.f. and photographed
at 36 h.p.f. (d) Zebrafish embryos treated with 10 uM dorsomorphin at 6 h.p.f. occasionally
develop ectopic tails (*) at 48 h.p.f. (e) Embryos treated with 10 uM dorsomorphin at 1-2 h.p.f.
show severe dorsalization at 48 h.p.f. Embryos b—e are shown on lateral view. (f,g) Bud stage
embryos left untreated (f) or treated at 2 h.p.f. with dorsomorphin (g) are shown on ventral
view. (h,i) 10-somite-stage embryos left untreated (h) or treated at 2 h.p.f. with dorsomorphin
(i) are shown on lateral view. (j,K) In situ hybridization of 18-somite stage WT embryos (lateral
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view) reveals typical expression of the ventral marker eve/ (arrow) in the distal tail (j), whereas
embryos treated with dorsomorphin (10 uM) at 1 h.p.f. do not (k). (I-0) In situ hybridization
of 6-somite-stage (12 h.p.f.) embryos (dorsal view, anterior left). The mid-hindbrain boundary
is marked by pax2a (1 and m, arrowheads). Rhombomeres 3 and 5 are marked by egr2b
(krox20) (n and o, arrowheads), and somitic mesoderm is marked by myod (n and o). (p,q)
Embryos injected with 1 ng chordin morpholino were treated with vehicle (p) or 20 uM
dorsomorphin at 2 h.p.f. (q) and photographed 36 h.p.f. Dorsomorphin treatment normalizes
expanded intermediate cell mass (*) and ventral tail fin structures (arrow).
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Figure 2.

Dorsomorphin inhibits BMP-mediated activation of SMAD by inhibiting BMP type I receptor
function. (a) Phosphorylation of SMAD1/5/8 and MAPK p38 in PASMCs detected by
immunoblot after pretreatment with dorsomorphin for 30 min followed by treatment with
BMP4 for 30 min. Equivalent protein loading was confirmed by detection of total SMAD1 and
a-tubulin. (b) Hill plot of the inhibition of BMP4-stimulated SMAD1/5/8 phosphorylation by
incubating PASMCs with dorsomorphin. RLU, relative light units. (¢) Phosphorylation of
SMAD1/5/8 and MAPK p38 in PASMC:s after pretreatment with noggin for 30 min followed
by treatment with BMP4 for 30 min. (d) Phosphorylation of SMAD1/5/8 in PASMC:s after
stimulation by BMP2, BMP4, BMP6 and BMP7 (10 ng ml™!) detected by immunoblot with
and without pretreatment with dorsomorphin (4 uM) for 30 min. (e) SMAD?2 phosphorylation
in PASMCs treated with TGF-B1. Pretreatment with dorsomorphin (0.1-20 uM) did not inhibit
TGF-p1-mediated activation of SMAD2 at 30 min. (f) SMAD?2 phosphorylation in PASMCs
treated with activin A. Dorsomorphin inhibited activin A—mediated activation of SMAD?2 only
modestly at concentrations >10 uM. (g) Levels of phosphorylated SMAD1/5/8 in cell extracts
from BMPR-II-deficient PASMC:s transiently transfected with constitutively active type [
receptor cDNA (caALK?2, caALK3 or caALK®6), with or without coincubation with
dorsomorphin (10 uM), as detected by immunoblot. pcDNA indicates plasmid-only control.
(h) Transient transfection of BMPR-II-deficient PASMCs with caALK?2, caALK3 or caALK6
resulted in 5- to 12-fold increases in Id/ promoter activity (BRE-Luc). Id1 promoter activity
mediated by each of the constitutively active type I receptors was decreased by cotreatment
with dorsomorphin in a dose-dependent manner (n = 3, results expressed as mean =+ s.d.).
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Figure 3.

Dorsomorphin inhibits osteogenic differentiation in vitro and bone mineralization in vivo. (a)
Alkaline phosphatase activity as a marker of osteoblastic differentiation in C2C12 cells after
treatment with BMP4 or BMP6 during 5 d of culture. Pretreatment with dorsomorphin (4 uM)
inhibited BMP-mediated induction of alkaline phosphatase activity (n = 6 for each condition,
results expressed as mean + s.d.). (b) Treatment of C2C12 cells with dorsomorphin did not
affect cell count as assayed using DNA-binding dye (CyQuant). (c—e) Visualization of calcified
skeletal structures in zebrafish by calcein fluorescence staining at 10 d.p.f., left lateral view.
DMSO-treated fish showed normal vertebral staining of 11-14 segments (c). Treatment of
zebrafish at 24 h.p.f. with dorsomorphin (1-4 pM) resulted in viable fish at 10 d.p.f. without
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evidence of dorsalization. However, a decrease in vertebral segment and craniofacial bone
calcification was observed with dorsomorphin-treated fish relative to vehicle-treated fish (d
and e). (f) With dorsomorphin treatment at 4 uM, a 45% decrease (P < 0.001) in the number
of mineralized vertebrae was observed (n = 19 for DMSO; n = 18 for dorsomorphin treated;
results expressed as mean + s.d.).
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Figure 4.

Dorsomorphin inhibits BMP- and HJV-induced hepcidin expression in cultured hepatoma-
derived cells. (a) Treatment of Hep3B cells with BMP2 (25 ng ml™!) increased hepcidin
promoter activity nearly 50-fold compared with untreated cells, as measured by the hepcidin
luciferase reporter assay (Hep-Luc). Cotreatment with dorsomorphin (10 uM) abrogated the
induction of hepcidin promoter activity by BMP2 (triplicate measurements, results expressed
as mean + s.d.). (b) Transfection of Hep3B cells with HJV increased hepcidin promoter activity
12-fold. Treatment with dorsomorphin blocked the HJV-mediated increase in hepcidin
promoter activity (triplicate measurements, results expressed as mean =+ s.d.). (¢) Levels of
hepcidin mRNA were measured in HepG2 cells by qRT-PCR. Treatment with dorsomorphin
(10 uM) reduced basal hepcidin expression by 50-fold. Treatment with BMP2 increased
hepcidin by 16-fold over the basal level. Treatment with dorsomorphin (10 uM) in combination
with BMP2 reduced the levels of hepcidin mRNA to below the basal level (triplicate
measurements, results are expressed as mean * s.d.) (d—e) In Hep3B cells, levels of hepcidin
(d) and Id1 (e) mRNA measured by qRT-PCR were increased in response to IL-6 (100 ng

ml ™) treatment for 6 h. Treatment with dorsomorphin (4 uM) alone or in combination with
IL-6 reduced the levels of hepcidin and Id1 mRNA to below basal levels, with no effect on
expression of the control gene (/8S rRNA) (triplicate measurements, results are expressed as
mean * s.d.).
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Figure 5.

Dorsomorphin inhibits iron-mediated BMP-responsive SMAD activation and expression of
hepcidin. (a) SMAD1/5/8 phosphorylation (normalized to a-tubulin levels) in adult zebrafish
liver extracts 1 h after intraperitoneal injection of dextran (Dex) or iron-dextran (Fe-Dex) (n =
3 for each group, P <0.001, r-test). (b) SMAD1/5/8 phosphorylation in zebrafish livers injected
with iron-dextran and vehicle (Fe-Dex + DMSO) or coinjected with iron-dextran and
dorsomorphin at 23 ug g_1 (Fe-Dex + DM) (n = 3 for each group, P < 0.03, -test). (¢)
SMAD1/5/8 phosphorylation in liver extracts from mice 1 h after intravenous injection with
dextran and vehicle (Dex + DMSOQ), iron-dextran and vehicle (Fe-Dex + DMSO) or iron-
dextran and dorsomorphin (Fe-Dex + DM) (P = 0.01, Fe-Dex versus Dex; P < 0.0003, Fe-Dex

Nat Chem Biol. Author manuscript; available in PMC 2009 August 17.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Yu et al.

Page 21

+ DM versus Fe-Dex; t-test). (d) Hepatic hepcidin mRNA levels (normalized to liver fatty acid
binding protein mRNA levels) from zebrafish injected intraperitoneally with dextran and
vehicle (Dex + DMSO), iron-dextran and vehicle (Fe-Dex + DMSO), or iron-dextran with 23
ug g_1 dorsomorphin (Fe-Dex + DM, n = 4 for each group, *P < 0.01, **P <0.02, ANOVA).
(e) Hepatic hepcidin mRNA levels in C57BL/6 mice 6 h after a single tail vein injection of
vehicle or dorsomorphin (10 mg kg™1) (n = 6 for each group, P < 0.01, t-test). (f) Serum iron
levels in mice 24 h after the first of two intraperitoneal injections of dorsomorphin (10 mg
kg_l) 12 hapart (n =8 WT, n="7 dorsomorphin, P < (0.001, t-test). Results in d—f are expressed
as mean =+ s.d. Panels are representative of two (c—e) or three (a,b,f) independent experiments
each. (g) Proposed model for the role of BMP signaling in iron homeostasis. See discussion
for details.
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