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Small heterodimer partner (SHP) is a transcriptional corepressor regulating diverse metabolic
processes. Here, we show that SHP acts as an intrinsic negative regulator of iron homeostasis. SHP-
deficient mice maintained on a high-iron diet showed increased serum hepcidin levels, decreased
expression of the iron exporter ferroportin as well as iron accumulation compared to WT mice.
Conversely, overexpression of either SHP or AMP-activated protein kinase (AMPK), a metabolic sensor
inducing SHP expression, suppressed BMP6-induced hepcidin expression. In addition, an inhibitory
effect of AMPK activators metformin and AICAR on BMP6-mediated hepcidin gene expression was
significantly attenuated by ablation of SHP expression. Interestingly, SHP physically interacted with
SMAD1 and suppressed BMP6-mediated recruitment of the SMAD complex to the hepcidin gene
promoter by inhibiting the formation of SMAD1 and SMAD#4 complex. Finally, overexpression of
SHP and metformin treatment of BMP6 stimulated mice substantially restored hepcidin expression
and serum iron to baseline levels. These results reveal a previously unrecognized role for SHP in the
transcriptional control of iron homeostasis.

The hepatic peptide hormone hepcidin coordinates body iron homeostasis that is maintained by the tight regu-
lation of dietary iron absorption and release of iron from macrophages and hepatocytes!. Hepcidin expression in
the liver is up-regulated by iron excess and inflammatory cues, causing a reduction of serum iron levels. In con-
trast, iron deficiency, hypoxia, and increased erythropoetic activity down-regulates hepcidin, leading to increased
systemic iron availability. Hepcidin binds to ferroportin (FPN), an iron exporter present on the membrane of
enterocytes, macrophages, and hepatocytes, and promotes its internalization and lysosomal degradation®.
Decreased FPN in response to hepcidin thus inhibits iron recycling from senescent erythrocytes by macrophages,
dietary iron uptake in duodenal enterocytes, and iron mobilization from hepatic stores.

Two major signaling pathways regulate hepcidin expression. The hepcidin response to inflammation medi-
ated by stimuli, such as interleukin-6 (IL-6), requires activation of Janus kinase (JAK)/signal transducer and
activator of transcription 3 (STAT3) signaling in hepatocytes®*. The hepcidin promoter contains a conserved

. STAT3-binding site, which is critical for responding to inflammation mediated stimulation. In addition, lipopol-
: ysaccharide (LPS) treatment of mice triggers induction of hepcidin via JAK/STATS3 activation. The resulting
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hypoferremia is part of the innate immune response that protects the host from infections’. The iron-response of
hepcidin is further regulated by bone morphogenetic protein (BMP)-SMAD signaling®~’. BMP6 binds to type I
and type IT BMP receptors (BMPR-I and BMPR-II) in the presence of the BMP coreceptor hemojuvelin (encoded
by HFE2) and induces phosphorylation of Receptor (R)-SMAD proteins (SMAD1, SMAD5 and SMADS)8.
Subsequently, activated R-SMADs form heteromeric complexes with SMADA4, called the co-SMAD, which trans-
locate to the nucleus to regulate hepcidin expression at the transcription level.

Small heterodimer partner (SHP; NR0OB2) is an atypical orphan member of the nuclear receptor superfam-
ily that lacks the conventional DNA binding domain®. However, it is classified as a nuclear receptor due to the
presence of a putative ligand-binding domain. SHP is predominantly expressed in the liver, and acts as a tran-
scriptional corepressor of a variety of nuclear receptors and transcription factors implicated in various metabolic
processes, such as glucose, lipid and bile acid metabolism'*-'2. In addition, SHP is upregulated by AMP-activated
protein kinase (AMPK), an energy sensor and a metabolic switch factor. Previously, we demonstrated that SHP
gene expression is strongly induced by AMPK activators such as metformin, sodium arsenite, hepatocyte growth
factor, and macrophage-stimulating factor, leading to inhibition of hepatic gluconeogenesis'*-'°. In spite of con-
siderable progress in understanding the functions of SHP in diverse physiological processes, a role of SHP in iron
metabolism has not yet been elucidated. In the current study, we describe SHP as transcriptional corepressor of
BMP6-mediated hepcidin expression that is triggered by an iron signal.

Results

SHP deficiency affects hepcidin gene expression in liver of mice exposed to high-iron diet. To
examine whether SHP alters systemic iron homeostasis, SHP KO mice and C57BL/6] mice were maintained on
a high-iron diet (HID) for 3 weeks and subsequently analyzed for iron related parameters. As expected, serum
iron levels were higher in HID-fed WT mice compared to control mice maintained on a regular diet (Fig. 1a).
Interestingly, SHP KO mice maintained on a HID showed significantly lower serum iron levels than correspond-
ing WT mice. This may be explained by significantly higher hepatic hepcidin mRNA expression and serum
hepcidin levels in SHP KO mice compared to WT mice (Fig. 1b-d). Hepcidin binds to the iron exporter FPN
to control its degradation. Consistently, SHP KO mice maintained on a HID showed decreased splenic FPN
protein levels compared to WT mice (Fig. 1e). Moreover, splenic iron levels were much less in SHP KO mice
maintained on a HID (Fig. 1f,g). However, SHP deficiency did not affect iron-mediated BMP6 gene expression
and SMAD1/5/8 activation in the liver compared to control (Fig. 1h,i). Although BMP9, a BMP family member
primarily expressed and secreted by the liver, can also induce hepcidin expression'®, BMP9 gene expression is
not significantly changed in the liver of HID-fed WT mice compared to control mice maintained on a regular
diet (Fig. 1h). These results suggest that BMP6 and SHP are involved in iron-mediated regulation of hepcidin
expression in mouse liver.

SHP inhibits BMP6-mediated hepcidin expression. BMP6 expression is increased in response to
hepatic iron overload and a major contributor of iron-mediated hepcidin expression®. To identify possible links
between SHP and hepcidin gene expression, AMLI12 cells were treated with BMP6. As expected, hepcidin mRNA
expression was significantly increased by BMP6 stimulation for 1h and was further enhanced at 24 h. In con-
trast, SHP mRNA expression was rapidly decreased 3 h after BMP6 treatment and maintained at reduced levels
(Fig. 2a). Like in AMLI2 cells, SHP mRNA expression was also decreased in BMP6-treated primary murine
hepatocytes, while hepcidin mRNA expression was increased (Fig. 2b), suggesting an inverse correlation between
hepcidin and SHP gene expression upon BMP6 stimulation.

To demonstrate participation of SHP in BMP6-mediated hepcidin regulation, mouse hepatocytes isolated
from WT and SHP KO mice were treated with BMP6 and infected with adenoviruses expressing SHP. To further
examine whether or not AMPK, a strong inducer of SHP expression, is functionally linked to the regulation of
BMP6-mediated hepcidin expression and may phenocopy the inhibitory effect of SHP, we transduced a consti-
tutively active form of AMPK (Ad-AMPK ca) into hepatocytes. Overexpression efficiency of Ad-AMPK ca and
Ad-SHP was confirmed in HepG2 cells (Fig. 2c). BMP6-mediated hepcidin gene expression was increased in
primary hepatocytes isolated from SHP KO mice compared to WT mice (Fig. 2d). Furthermore, BMP6-mediated
hepcidin response in WT hepatocytes was significantly decreased by overexpression of AMPK ca or SHP. In addi-
tion, the inhibitory effect of AMPK was almost entirely blunted in SHP-deficient hepatocytes, while the inhibitory
effect of ectopically overexpressed SHP was maintained in SHP-deficient primary hepatocytes, comparable to
WT hepatocytes. We next examined whether the repressor function of SHP on stimulation of hepcidin by BMP6
is conserved in HepG2 cells. We showed that SHP overexpression significantly inhibited both BMP6-induced
mouse and human hepcidin promoter activity (Fig. 2e). The robustness of our findings were additionally con-
firmed in mouse primary hepatocytes, in that overexpression of SHP or AMPK ca and treatment with metformin
decreased BMP6-mediated induction of hepcidin mRNA levels (Fig. 2f). Taken together, our data suggest that
SHP indeed functions as a repressor of hepcidin transcriptional control by BMP6 signaling.

Metformin inhibits BMP6-mediated hepcidin expression through SHP. Previously, we reported
that metformin increases SHP gene expression through AMPK activation'*'*. Therefore, based on the inhibitory
effect of AMPK on BMP6-mediated hepcidin expression, we tested if metformin, an AMPK activator, affects
BMP6 signaling-induced hepcidin expression. Indeed, metformin treatment suppressed the BMP6 effect on hep-
cidin promoter activity in HepG2 cells. This suppressive effect was attenuated by SHP knockdown and treatment
with Comp C, an inhibitor of AMPK (Fig. 3a,b). We further demonstrated that activation of the hepcidin pro-
moter by BMP6 was inhibited by treatment with AICAR, another AMPK activator (Fig. 3b).

Importantly, in AML12 cells and mouse primary hepatocytes, we confirmed the inhibitory effect on
BMP6-mediated hepcidin gene expression by metformin, and showed that the inhibitory effect of metformin
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Figure 1. SHP deficiency alters hepcidin gene expression in liver of HID mice. (a-i) WT and SHP KO mice
(n=5 per group) were fed with high-iron diet (HID, 8 g/kg) for 3 weeks. (a) Serum iron level. (b) Hepcidin
mRNA level in liver. (c) Hepcidin expression in mouse liver. IHC was performed using an antibody against
hepcidin. Scale bar shows 50 pm. (d) Serum hepcidin level. (¢) Western blot analysis (left panel) showing
hepatic SHP and splenic FPN expression and graphical representation (right panel) showing splenic FPN
expression. (f) Splenic iron level. (g) Perls’ prussian blue staining in spleen. Scale bar shows 200 pm. (h) BMP6
and BMP9 mRNA levels in liver. (i) Western blot analysis (top) and graphical representation (bottom) showing
SMAD1/5/8 phosphorylation in liver. The grouping of the images is from different parts of the same gel. Data
are presented as means & SD. Arrows show locations of molecular weight markers. The experiment was repeated
on a minimum of three separate occasions. The western blot images were cropped with a grey cropping line.
All gels for western blot analysis were run under the same experimental conditions. *P < 0.05, **P < 0.01,

***P < 0.001 by two-tailed Student ¢-test.
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Figure 2. SHP suppresses BMP6-induced hepcidin gene expression. (a) Q-PCR analysis showing hepcidin
and SHP mRNA levels in AML12 cells treated with BMP6 (20nM). (b) Q-PCR analysis showing hepcidin

and SHP mRNA levels in mouse hepatocytes treated with BMP6 (20 nM) for 24 h. (c) Western blot analysis,
showing SHP and AMPK expression in HepG2 cells infected with Ad-GFP, Ad-Flag-SHP and Ad-AMPK ca
for 24h +, 10 MOL. (d) Q-PCR analysis showing hepcidin mRNA levels in hepatocytes isolated from wild-type
and SHP knockout mice. Hepatocytes were treated with BMP6 (20 nM) and infected with Ad-GFP, Ad-AMPK
ca or Ad-Flag-SHP for 24 h. (e) Inhibitory effect of SHP on BMP6-mediated induction of mouse and human
hepcidin promoter activity. HepG2 cells were transfected with vectors expressing mouse Hepcidin-luc and
mSHP or human Hepcidin-luc and hSHP, and treated with BMP6 (20 nM) for 24 h. 2, 200 ng; 4, 400 ng; 6,

600 ng. (f) Q-PCR analysis showing hepcidin (left panel) and SHP (right panel) mRNA levels in mouse primary
hepatocytes treated with BMP6 or metformin and infected with Ad-GFP, Ad-AMPK ca or Ad-Flag-SHP for
24h +, 10 MOIL. Data are presented as means & SD. Arrows show locations of molecular weight markers. The
experiment was repeated on a minimum of three separate occasions. Western blot images were cropped with

a grey cropping line. All gels for Western blot analysis were run under the same experimental conditions.

*P < 0.05,**P < 0.01, **P < 0.001 by two-tailed Student ¢-test.

was significantly blunted by adenoviral overexpression of a short hairpin knock down construct targeting SHP
(Ad-shSHP) (Fig. 3¢,d) or of a dominant negative form of AMPK (Ad-AMPK DN) (Fig. 3e). In addition, we also
confirmed the inhibitory effect of AICAR and metformin on BMP6-mediated hepcidin expression in rat hepat-
ocytes, which was attenuated by treatment with Comp C (Fig. 3f). Finally, metformin significantly decreased
hepcidin secretion upon BMP6 stimulation in AML12 cells (Fig. 3g). These results strongly suggested that the
AMPK signal is connected to the regulation of iron metabolism through induction of SHP.

SHP represses SMAD signaling activity via inhibition of DNA-binding of SMAD1 and SMAD4
complex. Ithasbeen reported that dietary iron increases hepcidin expression through BMP6-mediated acti-
vation of SMAD1/5/8 signaling®. We transfected BRE-luciferase reporter (BRE-luc) constructs in HepG2 cells
to investigate whether SHP would inhibit the BMP6-SMAD signaling pathway. Induction of BRE-luc activ-
ity by BMP6 stimulation or co-transfection of a constitutive active form of ALK3 (ALK3 CA), a type I BMP
receptor, was significantly decreased by both co-transfection of SHP and treatment with metformin (Fig. 4a,b).
Hemojuvelin (Hjv) (encoded by HFE2) acts as a BMP coreceptor to enhance hepcidin expression'’. Indeed, Hjv
expression led to a significant induction of hepcidin promoter activity as compared to the control, which was
attenuated by both co-transfection of SHP and treatment with metformin (Fig. 4c). Taken together, these results
indicate that SHP represses BMP signaling leading to SMAD1/5/8 transactivation.

To identify the molecular mechanism, by which SHP inhibits SMAD1/5/8 transactivation, we performed
co-immunoprecipitation analysis in 293T cells transfected with vectors expressing SMADs and SHP. We found
that SHP strongly interacts with SMAD1, but not with other SMADs (Fig. 4d). Based on these results, we
knocked down SMAD1 in mouse primary hepatocytes infected with Ad-GFP or Ad-SHP, and treated with BMP.
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Figure 3. Metformin inhibits BMP6-mediated hepcidin gene expression through induction of SHP.

(a) HepG2 cells were transfected with vectors expressing luciferase under the control of the hepcidin promoter,
siControl or siSHP, and treated with BMP6 for 24 h, as indicated. (b) HepG2 cells were treated with BMPS6,
metformin, AICAR or Comp C for 24 h, as indicated in figure. (c) Q-PCR analysis showing SHP mRNA levels
in AMLI12 cells infected with Ad-US and Ad-shSHP. (d) Q-PCR analysis showing hepcidin (left panel) and
SHP (right panel) mRNA levels in AML12 cells. Cells were infected with Ad-US or Ad-shSHP and treated

with BMP6 and metformin for 24h +, 10 MOIL. (e) Q-PCR analysis showing hepcidin mRNA levels in

mouse primary hepatocytes. Cells were infected with Ad-GFP or Ad-AMPK DN and treated with BMP6 and
metformin for 24h +, 10 MOL. (f) Q-PCR analysis showing hepcidin mRNA levels in rat primary hepatocytes
treated with BMP6 along with metformin, AICAR or compound C for 24 h. (g) Hepcidin levels in medium

of cultured AMLI2 cells treated with BMP6 and metformin for 24 h. Data are presented as means + SD. The
experiment was repeated on a minimum of three separate occasions. *P < 0.05, **P < 0.01, ***P < 0.001 by two-
tailed Student ¢-test.

BMP6-mediated induction of hepcidin mRNA levels was blocked by SMAD1 knockdown, indicating that mainly
SMAD1 is required for BMP6-mediated hepcidin expression (Fig. 4e). These results suggest that SHP exerts its
effect on BMP6-mediated hepcidin expression predominantly through inhibition of SMADI.

In addition, it is reported that BMP stimulation of hepcidin causes formation of a heteromeric complex
between SMAD4 and phosphorylated SMAD1/5/8%!8. Therefore, we now examined whether SHP interferes with
the formation of heteromeric complex between phosphorylated SMAD1 and SMAD4 in HepG2 cells treated
with BMP6 or metformin. Indeed, SHP induction by metformin inhibited the BMP6-mediated the formation
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Figure 4. SHP represses BMP-mediated SMAD1 transactivation via inhibition of its DNA binding.

(a,b) HepG2 cells were transfected with BRE-luc reporter plasmid along with vectors expressing SHP or
ALK3 CA, and treated with BMP6 or metformin for 24 h. 3, 300 ng; 4, 400 ng; 6, 600 ng. (c) HepG2 cells were
transfected with vectors expressing luciferase under the control of the hepcidin promoter, Hfe2 or SHP, and
treated with metformin for 24 h. 3, 300 ng; 6, 600 ng. (d) Western blot analysis showing interaction of SHP
and SMADs in 293T cells transfected with vectors expressing myc-SMAD1, myc-SMADS5, myc-SMADS, HA-
SMAD4 and Flag-SHP. The grouping of the image is from different parts of the same gel. (e) Q-PCR analysis
showing hepcidin mRNA levels (top) and Western blot analysis showing SMAD1 expression (bottom) in
mouse primary hepatocytes. Cells were transfected with siCon or siSMADI and infected with Ad-GFP or Ad-
Flag-SHP. BMP6 was provided for 24h+, 10 MOL. (f) Western blot analysis showing endogenous interaction
of SHP and SMAD1 in HepG2 cells treated with BMP6 (20 nM) or metformin (2 mM) for 24 h. (g) Western
blot analysis (top) and graphical representation (bottom) showing SHP effect on BMP6-medated SMAD1/5/8
phosphorylation. AMLI12 cells were infected with Ad-GFP or Ad-Flag-SHP (+10MOI) and treated with BMP6
for 24 h. (h) ChIP assay was performed using soluble chromatin immunoprecipitated with anti-SMAD1/5/8,
anti-SMAD4, and anti-Flag antibody. Mouse primary hepatocytes were treated with BMP6 for 24 h, and
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infected with Ad-GFP and Ad-Flag-SHP for 48 h. BMP-RE indicates BMP response element. Data are presented
as means & SD. Arrows show locations of molecular weight markers. The experiment was repeated on a
minimum of three separate occasions. The western blot images were cropped with a grey cropping line. All gels
for western blot analysis were run under the same experimental conditions. *P < 0.05, **P < 0.01 by two-tailed
Student ¢-test.

of heteromeric complex between SMAD1 and SMADA4 through its association with SMAD1 (Fig. 4f). However,
adenoviral overexpression of SHP did not affect BMP6-mediated SMAD1/5/8 phosphorylation in AML12 cells
(Fig. 4g). Therefore, to examine whether or not SHP decreases the DNA-binding ability of SMAD complexes to
activate the hepcidin promoter, we performed ChIP assays in mouse hepatocytes that were treated with BMP6
and infected with Ad-Flag-SHP. BMP6 stimulation induced occupancy of the BRE on the hepcidin promoter
by both R-SMADs and SMAD4, which was almost entirely abrogated by overexpression of SHP. However, SHP
did not bind by itself to the BRE on the hepcidin promoter (Fig. 4h). These results suggest that SHP disrupts
BMP6-mediated hepcidin expression by inhibiting SMAD1 and SMADA4 interaction and binding to the hepcidin
promoter.

SHP suppresses BMP6-mediated hepcidin expression in mice. Based on our findings in cultured
cells, we next aimed to determine whether SHP modulates BMP6-mediated alterations of iron metabolism
through reduction of hepcidin expression in vivo. As expected, intraperitoneal injection of BMP6 into WT mice
caused a significant induction of hepcidin levels in liver and serum, a reduction of FPN expression in the spleen as
well as decreased serum iron levels (Fig. 5a—e). Adenoviral overexpression of SHP restored all alterations in iron
homeostasis induced by BMP6 stimulation to basal levels. Consistent with the finding that metformin induces
SHP expression!?, we further showed that metformin treatment attenuates the BMP6-related changes of iron
metabolism. Similar to ectopic SHP expression, metformin treatment blunted the BMP6-controlled hepcidin
response, increased FPN expression in the spleen as well as serum iron levels (Fig. 6a—e). Taken together, these
results suggest that SHP acts as a critical negative regulator for the BMP6-mediated induction of hepcidin, which
causes physiological alterations of iron homeostasis.

Discussion

Hepcidin plays an important role in coordinating systemic demand for iron with its acquisition. Hepcidin is
expressed in the liver and its expression is mainly regulated by two major signaling pathways, the iron-controlled
BMP6/SMAD and the inflammatory interleukin-6 (IL-6)-JAK-STAT3 pathways. Previously, it was demonstrated
that orphan nuclear receptor SHP inhibits IL-6-mediated STAT3 activation through direct interaction of SHP
and STAT3 in hepatocytes'. In addition, SHP was reported to act as a transcriptional corepressor of CCAAT/
enhancer-binding protein alpha and estrogen-related receptor gamma, both involved in the transcriptional regu-
lation of hepcidin expression'®?. In this study, we demonstrated that SHP is an intrinsic transcriptional repressor
of SMAD1-activated hepcidin expression triggered by BMP6 signaling (Fig. 6f). We showed that (1) hepcidin
and SHP mRNA expression inversely correlated upon BMP6 stimulation; (2) SHP-deficient mice produced more
hepcidin when maintained on a HID; (3) SHP overexpression decreased BMP6-induced hepcidin expression in
hepatocytes from WT and SHP KO mice, and that (4) the inhibitory effect of SHP is explained by inhibition of
DNA binding of the SMAD1 and SMAD4 complex to the hepcidin promoter. These findings suggest that SHP
expression is critical for maintenance of iron homeostasis.

A number of studies indicated that SHP acts as a transcriptional corepressor of other nuclear receptors
and transcription factors involved in diverse metabolic pathways. In particular, SHP is a negative regulator of
hepatic gluconeogenesis through inhibition of the CREB-CRTC2 pathway, a major signal transduction axis of
this metabolic process*'. We also demonstrated that SHP suppresses IL-6-mediated STAT3 activation, thereby
causing hepatic insulin resistance’®. Furthermore, SHP is a key molecule for the feedback regulation of bile acid
metabolism by nuclear receptors'?. AMPK controls energy balance by sensing the cellular energy status through
its activation by alteration of the AMP:ATP ratio?>. Pharmaceutical AMPK activators, such as metformin, an
anti-diabetic drug, inhibit hepatic gluconeogenesis through induction of SHP. In the current study, we demon-
strated that pharmaceutical activation of AMPK caused the reduction of BMP6-mediated hepcidin expression.
This effect was attenuated by the ablation of endogenous SHP expression, suggesting that SHP is mediating the
AMPK effect and thus plays a key role linking cellular energy signals with iron metabolism.

Recently, it was reported that the gluconeogenic signal during starvation increases hepcidin expression
through PGC-1o/CREBH, whereby hepcidin was identified as a gluconeogenic sensor mediating alteration of
iron metabolism?*. Furthermore, cholestasis, caused by a disruption of bile flow, down regulated hepcidin expres-
sion through inhibition of the IL-6-STAT3 pathway?*. In contrast, it was reported that iron affects production of
adiponectin, an adipokine produced by adipocytes?>?¢. Adiponectin, as an AMPK activator, is causally linked to
insulin sensitivity. Iron is also associated with lipid metabolism in adipocytes because of the requirement for iron
in the oxidation of lipids?’. More recently, it was reported that dietary iron affects circadian glucose metabolism
through heme synthesis?. Therefore, the causal relationship of SHP in connecting metabolic signals and iron
metabolism needs to be further characterized.

The BMP6-SMAD1/5/8 pathway is critical for regulating hepcidin synthesis in response to dietary iron®.
Although a number of studies defined the role of BMP6 in the regulation of iron metabolism, details of the molec-
ular mechanism by which dietary iron increases BMP6 expression is unclear. In response to serum iron, BMP
expression is mainly upregulated in hepatic stellate cells (HSCs), suggesting that BMP6 acts in a paracrine man-
ner to influence hepcidin transcription in neighboring hepatocytes®. In this study, we also found that WT mice
fed with HID showed induction of BMP6 gene expression in the liver compared to control mice. SHP deficiency
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Figure 5. SHP abrogates the BMP6 effect on iron metabolism through inhibition of hepcidin gene expression
in mice. (a-d) C57/BL6 mice were injected with Ad-GFP (n=4 per group, 5.9 x 10°pfu) or Ad-Flag-SHP (n=5
per group, 5.9 x 10° pfu) via the tail-vein, and treated with Vehicle or BMP6 (500 ug/kg, i.p.) for 6h at day 5 after
the infection. (a) Serum iron level. (b) Q-PCR analysis showing hepcidin and SHP mRNA levels in liver. (c) Serum
hepcidin levels. (d) Western blot analysis showing SMAD1/5/8 phosphorylation and SHP expression in liver.

(e) Western blot analysis showing FPN expression in spleen (top). Graphical representation showing FPN
expression (bottom). Data are presented as means & SD. Arrows show locations of molecular weight markers. The
western blot images were cropped with a grey cropping line. All gels for western blot analysis were run under the
same experimental conditions. **P < 0.01, **P < 0.001 by two-tailed Student ¢-test.

did not significantly affect high iron-mediated BMP6 expression and SMAD1/5/8 phosphorylation in the liver,
suggesting that SHP is not affecting BMP6 expression in HSCs and the paracrine action of BMP6 to hepatocytes.
Finally, we demonstrated that the inhibitory effect of SHP was mainly mediated through inhibition of SMAD1
and SMAD4 DNA-binding to the hepcidin promoter.

In summary, we identified a role of SHP as negative regulator for BMP6-mediated hepcidin expression in
cultured cells and mice as well as molecular mechanisms active in this process. These findings indicate that the
targeting of SHP by pharmacological agents may provide an attractive means for therapeutically controlling
abnormal regulation of iron metabolism, leading to iron deficiency or iron overload.

Materials and Methods

Chemicals. BMP6 (R&D system), metformin (1,1-dimethylbiguanide hydrochloride; Sigma Aldrich Co.),
5-aminoimdazole-4-carboxamide-1-3-D-ribofuranoside (AICAR, Sigma Aldrich Co.), and Compound C (Comp
C, Sigma Aldrich Co.) were dissolved in the manufacturer-recommended solvents.

DNA and recombinant adenovirus construction. Mouse (—982/+84) and human (—2762bp) hep-
cidin gene promoters were described previously'**’. pcDNA3-Flag-SHP, pcDNA3-Myc-human SMAD]1, pcD-
NA3-Myc-mouse SMADS5, pcDNA3-Myc-rat SMADS8, pcDNA3-HA-human SMAD4, pSUPER-siControl,
pSUPER-siSHP were described previously**2. pCMV-SPORT6-Hfe2 was purchased from Korea Human Gene
Bank, Medical Genomics Research Center, KRIBB, Korea. Ad-GFP, Ad-AMPK ca, Ad-AMPK DN, Ad-US
(unspecific shRNA for control) and Ad-shSHP were described previously!®. Ad-Flag-SHP was generated using
the pAd-easy system as described previously®. All viruses were purified using CsCL,.

Animal experiments. SHP knockout (KO) mice with a C57BL/6 background* and wild-type (WT) C57BL/6
control (The Jackson Laboratory) mice were used for this study. Mice were housed in a temperature-controlled
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Figure 6. Metformin rescues BMP6-mediated alteration of iron metabolism in mice. (a-e) C57/BL6 mice
(n=4 per group) were treated with BMP6 (500 pg/kg, i.p.) and metformin (200 mg/kg, p.o.). (a) Serum iron level.
(b) Q-PCR analysis showing hepcidin and SHP mRNA levels in liver. (¢) Serum hepcidin levels. (d) Western blot
analysis showing SMAD1/5/8 phosphorylation and FPN in liver. () Western blot analysis (top) and graphical
representation (bottom) showing FPN expression in spleen. (f) Schematic diagram of SHP-mediated inhibition
of BMP6-SMADs pathway. Data are presented as means + SD. Arrows show locations of molecular weight
markers. The western blot images were cropped with a grey cropping line. All gels for western blot analysis were
run under the same experimental conditions. *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student ¢-test.
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room (22 £ 2°C) in a specific pathogen-free facility on a standard 12-hour light/dark cycle and were fed stand-
ard chow and water ad libitum. For a chronic iron diet study, male 4-week old WT and SHP KO mice (n=5 per
group) were fed with normal (200 mg/kg) and high-iron (8 g/kg) for 3 weeks. We performed adenoviral expres-
sion of GFP (n=4 per group, 5.9 x 10° pfu) and SHP (n =5 per group, 5.9 x 10°pfu) in C57BL/6] mice, and
carried out intraperitoneal injection of BMP6 (500 ug/kg) for 6 h at day 5 after the infection. In addition, we
also performed oral administration of metformin (200 mg/kg) into mice (n =4 per group) for two days and
intraperitoneal administration of BMP6 (500 pug/kg) for 6 h. All animal experiments were approved by the
Institutional Animal Use and Care Committee of the Korea Research Institute of Bioscience and Biotechnology
(KRIBB-AEC-14168). All experiments were performed in accordance with approved guidelines of KRIBB.

Cull culture and transient transfection. Maintenance of HepG2 (human hepatoma cells), AML12
(mouse immortalized hepatocytes) and 293T (human embryonic kidney cells) cells was performed as men-
tioned previously®. In brief, HepG2 and 293T cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics in a humidified atmosphere, con-
taining 5% CO, at 37°C. AMLI2 cells were cultured with DMEM/F-12 medium supplemented with 10% FBS,
insulin-transferrin-selenium, dexamethasone (40 ng/ml) and antibiotics in a humidified atmosphere, contain-
ing 5% CO, at 37°C. Transient transfections were performed with SuperFect (Qiagen) or Lipofectamine 2000
(Invitrogen), according to the manufacturer’s instructions. siControl and siSMAD1 were purchased from Qiagen
(cat. SI00177072) and their transfections were carried out using Lipofectamine RNAIMAX (Invitrogen) according
to the manufacturer’s instructions. BMP6, metformin, AICAR, Comp C treatment were performed as described
in the figure legends.

Culture of primary hepatocytes. Mouse and rat primary hepatocytes were isolated from C57BL/6] mice
(male, 20-25 g) and Sprague-Dawley rats (male, 200-300 g) by collagenase perfusion as described previously*.
Primary hepatocytes were maintained in M199 media (Cellgro) overnight for attachment. Adenoviral infections
(Multiplicity of infection, MOI) and BMP6, metformin, AICAR, Comp C treatment were performed as described
in figure legends.
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Quantitative PCR. Total RNAs were isolated from AMLI2 cells, primary hepatocytes or mice liver using the
TRIzol reagent (Invitrogen), according to the manufacturer’s instructions. cDNAs were generated by Maxime RT
PreMix Kit (iNtRON Biotechnology) and were analyzed by the Applied Biosystems StepOnePlus real-time PCR
system (Applied Biosystems) using Power SYBR Green PCR Master Mix (Applied Biosystems). All data were
normalized to L32 or actin expression.

Chromatin Immunoprecipitation (ChIP) assay. The ChIP assay was performed according to the
manufacturer’s protocol (Upstate). Briefly, mouse primary hepatocytes were treated with BMP6 and infected
with Ad-GFP or Ad-Flag-SHP for 24 h. Cells were fixed with 1% formaldehyde and then harvested. Soluble
chromatin was immunoprecipitated with anti-SMAD1/5/8 (Santa Cruz, cat. sc-6031-R), anti-SMAD1 (Cell
Signaling, cat. 9743) and anti-Flag (for Flag-SHP) antibody. After recovering DNA, PCR was performed using
primers encompassing the mouse Hepcidin promoter (forward 5'-GAGCCACAGTGTGACATCAC-3/, reverse
5'-GTCTAGGAGCCAGTCCCAGT-3').

Western blot analysis. 50-100pg protein from liver, spleen or cell lysates were separated by 10-12%
SDS-PAGE, and then transferred to nitrocellulose membranes. Primary antibodies used for immunoblotting
assays were against DYKDDDDK tag (FLAG, Cell Signaling, cat. 2368S), HA-tag (Cell Signaling, cat. 2367S),
Myc-tag (Cell Signaling, cat. 2276), a-tubulin (Ab frontier, cat. LF-MA0117A), p-SMAD1/5/8 (Cell Signaling, cat.
9511S), SMAD1/5/8 (Santa Cruz, cat. sc-6031-R), p-AMPK (Cell Signaling, cat. 2535S), AMPK (Cell Signaling,
cat. 2532S), SHP (Santa Cruz, cat. sc-30169), SMAD4 (Santa Cruz, cat. sc-7966), SMAD1 (Cell Signaling, cat.
9743) and Ferroportin 1 (Novus Biologicals, cat. NBP1-21502).

Histomorphological analysis. Mouse tissues were processed in paraffin after fixation in 10% neutral
buffered formalin. Sections of liver and spleen were stained with Perl’s Prussian blue to detect iron, and the
nucleus was counterstained with neutral red. Sample analyses were performed using an optical microscope
(BX51; Olympus, Tokyo, Japan). For immunofluorescence staining of hepcidin, liver sections were subjected to
microwave antigen retrieval and then incubated overnight at 4 °C with anti-hepcidin antibody (1:100; abcam,
Cambridge, MA, USA). Alexa Fluor 555-nm anti-rabbit antibody (1:200; Molecular probes, Eugene, OR, USA)
was then applied for 1 hour at room temperature in the dark. Following each step, samples were analyzed by a
confocal microscope (FV1200; Olympus, Tokyo, Japan).

Serum iron and hepcidin measurement. All blood samples were taken by intracardiac puncture of mice
under anesthesia before killing. Serum iron was measured using a spectrophotometric method (TBA-200FR
NEO). Serum hepcidin was measured using a mouse hepcidin (Hepc) ELISA kit (CUSABIO, cat. CSB-E14395m)
according to the manufacturer’s instructions.

Iron measurement in tissue.  Spleens were homogenized using a tissue Lyzer (BD Bioscience) after addi-
tion of 1 ml physiologic saline. The solution was centrifuged and the supernatant was used for quantification of
iron. We determined total iron and protein concentration by a Beckman Coulter AU480 automatic biochemistry
analysis system (Model AU-480). We calculated the average iron concentration in spleen by dividing total mean
values over total protein contents.

Statistical analysis. Data are expressed as means + standard deviation (SD). Statistical analysis was per-
formed using the two-tailed Students t-test. Differences were considered statistically significant at p < 0.05.
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