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                                                                                                                        Abstract

                                                            Background Impaired regulation of hepcidin in response to iron is the cause of genetic hemochromatosis associated with defects of HFE and transferrin receptor 2. However, the role of these proteins in the regulation of hepcidin expression is unclear.Design and Methods Hepcidin expression, SMAD and extracellular signal-regulated kinase (Erk) phosphorylation and furin expression were analyzed in hepatic HepG2 cells in which HFE and transferrin receptor 2 were down-regulated or expressed, or furin activity specifically inhibited. Furin expression was also analyzed in the liver of transferrin receptor 2 null mice.Results We showed that the silencing of HFE and transferrin receptor 2 reduced both Erk phosphorylation and furin expression, that the exogenous expression of the two enhanced the induction of phosphoErk1/2 and furin by holotransferrin, but that this did not occur when the pathogenic HFE mutant C282Y was expressed. Furin, phosphoErk1/2 and phosphoSMAD1/5/8 were down-regulated also in transferrin receptor 2-null mice. Treatment of HepG2 cells with an inhibitor of furin activity caused a strong suppression of hepcidin mRNA, probably due to the inhibition of bone morphogenic protein maturation.Conclusions The data indicate that transferrin receptor 2 and HFE are involved in holotransferrin-dependent signaling for the regulation of furin which involved Erk phosphorylation. Furin in turn may control hepcidin expression.
                                                            
                                                            Introduction
Hepcidin is a major regulator of systemic iron homeostasis since it controls the egress of iron from reticuloen-dothelial cells and from absorptive enterocytes by binding and inactivating the iron exporter ferroportin.1 It is expressed mainly in the liver, where its mRNA is abundant, and it responds to body iron status, inflammation, hypoxia and erythroid activity.2 The study of inherited defects of iron homeostasis showed that the expression of hepcidin in the liver is regulated in a positive way by hemojuvelin (HJV), transferrin receptor 2 (TfR2), HFE, bone morphogenic proteins (BMP), SMAD42–4 and by neogenin5 and in a negative way by matriptase-2.6–8 It has been established that the expression of hepcidin in the liver is under the control of the BMP/SMAD transduction pathway,3,9 which is strongly activated by HJV, a BMP co-receptor.10,11 The activity of HJV is under a complex post-translational regulation. Its level is proteolytically controlled by matriptase-2,7 while its secretion and processing into the soluble and inhibitory form is regulated by the expression of furin12 and by the interaction with neogenin.13 Most of the BMP tested, including BMP2, 4, 5, 6 and 9, are strong inducers of hepcidin in vitro,10,14 but BMP6 was found to be positively regulated by iron, and its absence in mice caused hepcidin down-regulation and severe iron overload.4,15 Less clear is the role of HFE and TfR2 which are responsible for the adult onset, less severe forms of hemochromatosis. They do not seem to be necessary for hepcidin induction by BMP,14 but TfR2 is thought to act as a sensor of body iron status. It binds holotransferrin with lower affinity than TfR1, its expression is liver-specific and its inactivation in mice leads to iron overload.16 Upon binding to holotransferrin, TfR2 activates the mitogen-activated protein kinase (MAPK) pathway by inducing the phosphorylation of extracellular signal-regulated kinase (Erk)-1/2.17 Even less clear is the role of HFE, which is known to form different complex types with TfR118 and with TfR219 which may be important for the holotransferrin-dependent hepcidin regulation. It has been proposed that the binding of holotransferrin to TfR1 causes a shift of HFE towards TfR2, which signals hepcidin regulation by unknown mechanisms.20,21 However, holotransferrin does not induce hepcidin in cultured hepatic cells, except in freshly prepared primary mouse hepatocytes,22 primary hepatocytes that have been treated with serum deprivation followed by supplementation,23 or in HepG2 cells transfected with HFE.20 The mechanism might involve Erk activation and signaling through the SMAD pathway.23 HFE/TfR2 double null mice had more severe iron loading than mice lacking either HFE or TfR2 suggesting that HFE and TfR2 regulate hepcidin through parallel pathways involving Erk1/2 and SMAD1/5/8.24
Furin is another partner of the hepcidin regulation system, since it is responsible for the processing of prohepcidin to produce the mature protein.25 Moreover, it mediates the formation of a soluble HJV form that competes with the membrane HJV to inhibit BMP activation.12,26 The oxygen- and iron-dependent regulation of furin expression, mediated by hypoxia-induced factor (HIF)-1α, was indicated as an important link between hypoxia and iron homeostasis, based on furin’s capacity to modulate hepcidin expression.12 Moreover, furin acts on the maturation of several key growth factors, including the large class of transforming growth factor (TGF)-β molecules, BMP4 and other BMP.27 Furin is also regulated by TGF-β1 in HepG2 cells through a mechanism that involves a cross-talk between Erk1/2 MAPK and SMAD2/3 pathways.28
In this study we investigated mechanisms of hepcidin regulation by down-regulating or over-expressing HFE and TfR2 and specifically inhibiting furin activity in hepatic HepG2 cells.
Design and Methods
Cell culture
HepG2 cells were cultured in minimal essential medium (PAA) with 10% fetal bovine serum (PAA), 40 μg/mL gentamicin and 1 mM L-glutamine. The cells were maintained at 37°C under 5% CO2. For studies of SMAD phosphorylation or activation 2×10 cells/well were seeded in 12-well plates, grown for 24 h and then for another 16 h in 0.5% fetal bovine serum. They were then incubated for 16 h with recombinant BMP2 (R&D Systems) (10–100 ng/mL) or for different periods (0.5, 1, 2, 4, 6, or 16 h) with BMP2 50 ng/mL. In other experiments dorsomorphin (5 μM) and U0126 (10 μM) were added 1 h before the addition of BMP2 50 ng/mL and the cells collected after 6 h. In the studies on the effect of the furin inhibitor dec-RVKR-chloromethylketone (CMK; Biomol International), 2×10 cells/well were seeded in the 12-well plates. After 24 h cells were incubated in serum-free medium for 16 h, followed by treatment with CMK (10, 50, or 100 ng/mL) for 16 h or with CMK 50 ng/mL for different periods of incubation (0.5, 1, 2, 4, 6, or 16 h). For the treatments with apotransferrin or holotransferrin the cells were seeded in 12-well plates (250,000 cells/well). After 24 h they were grown in serum-free medium for 16 h, and then treated with human holotransferrin or apotransferrin (Sigma) for 15–120 min.
HepG2 transfection
HepG2 cells (10 cells/well) were seeded in 12-well plates, transfected after 24 h with 100 pmol double-stranded small interfering RNA (siRNA) using Oligofectamine (Invitrogen, Paisley, UK) following the manufacturer’s instructions, grown for 72 h, and then harvested and analyzed. In some experiments the cells were treated with BMP2 50 ng/mL for 16 h before harvesting. The double-stranded siRNA specific for each gene were produced by Ambion (Ambion, Austin, TX, USA); the most effective and specific was selected for transfections. The sense sequences for each siRNA were the following: TfR2: 360 sense 5′GGAUGUCAACUAUGAGCCUtt3′; HJV: sense: 5′GUUUAGAGGUCAUGAAGGUtt3′;26 HFE: sense 5′CAGGAGAGAGUUGAACCUAATT3′; SiScramble (Scr) 10220776 from Qiagen (Qiagen-Xeragon) sense 5′-UUCUCCGAACGUGUCACGUtt. All experiments used Oligofectamine alone (mock) or with Scramble (Scr) as control.
HepG2 transfection with plasmids
Cells (10/well) were seeded in 12-well plates and transfected the following day with 1 μg of pCMV-Sport6-TfR2Hu (Open Biosystems, kind gift of Dr. Clara Camaschella), pcDNA3.1-HFEwt-Myc or pcDNA3.1-HFE282-Myc using Lipofectamine (Invitrogen, Paisley, UK) following the manufacturer’s instructions. The plasmids were transfected and the cells grown for 72 h. After 48 h cells were incubated in serum-free medium for 16 h, followed by treatment with human holotransferrin (30 μM) for 30 min and then harvested and analyzed. All experiments used the cells transfected with empty pcDNA3.1 as control (mock).
Immunoblot analysis
Cell extracts or liver homogenates were treated with Lysis Buffer (200 mM Tris-HCl pH8, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40 and 10% glycerol) containing a mixture of protease inhibitors (Sigma). For assays examining phosphorylated SMAD expression, 1 mM sodium orthovanadate (Sigma) and 1 mM sodium fluoride (Sigma) were added to the lysis buffer as phosphatase inhibitors. Cells lysates were analyzed by 10% sodium dodecylsulfate polyacrylaminde gel electrophoresis and, after transfer, the polyvinylidene fluoride filters were incubated for 16 h at 4°C with specific antibodies, washed, and further incubated for 1 h at 37°C with secondary peroxidase-labeled antibodies (anti-mouse IgG Dako, Glostrup, Denmark or anti-rabbit IgG Pierce). The primary antibodies used were rabbit anti-FtL anti-body (1:1000; Sigma); rabbit anti-phosphoSMAD1/5/8 antibody (1:1000; Cell Signaling technology), rabbit anti-SMAD1 antibody (1:1000; Cell Signaling technology), rabbit anti-furin antibody (1:1000; Santa Cruz Biotechnology), anti-phosphoErk1/2 antibody (1:1000; Cell Signaling technology), anti-Erk1 antibody (1:1000; Santa Cruz Biotechnology), mouse anti-Myc antibody (1:1000; Sigma), mouse anti-TfR2 antibody (1:1000; Santa Cruz Biotechnology), rabbit anti-actin antibody (1:1000; Sigma) and mouse anti-GAPDH antibody (1:10000; Sigma). Bound activity was revealed by an advanced enhanced chemiluminescence (ECL) kit (Amersham, Uppsala, Sweden) and detected using a KODAK Image Station 440CF (Kodak, Rochester, NY, USA). The same procedure was used for the analysis of pSMAD1/5/8, pErk1/2, furin and glyceraldehyde 3-phospohate dehydrogenase (GAPDH) in mouse livers.
RNA extraction and real-time reverse-transcriptase polymerase chain reaction
RNA was purified from cells using the guanidinium thio-cyanate–phenol–chloroform method (Tri reagent) according to the manufacturer’s instructions (Ambion, Austin, TX, USA). DNase-treated total RNA (1 μg) was used to synthesize the first strand of cDNA with the ImProm-II Reverse Transcription System (Promega), using oligodT as the primer. For real-time reverse-trasnscriptase polymerase chain reaction (RT-PCR) analysis, specific Assays-on-Demand products (20x) and TaqMan Master Mix (2x) from Applied Biosystems (Foster City, CA, USA) were used, according to the manufacturer’s instructions, and the reactions were run on an ABI PRISM 7700 Sequence Detection System (Applied Biosystems) in a final volume of 20 μL for 40 cycles. We analyzed the expression levels of hepcidin, TfR2, HFE, HJV and furin, normalizing the results to GAPDH or hypoxanthine phophoribosyltransferase-1 (HPRT1) levels in each sample.
Transferrin receptor 2 knockout mice
Mice with germinal inactivation of the TfR2 gene were used for the in vivo experiments.29 Livers from three 14-day old animals were isolated, immediately frozen, homogenized and used for the experiments. Aged-matched wild-type sibling pairs were used as normal controls. RNA was purified from livers in Tri Reagent solution according to the manufacturer’s instructions (Ambion). Total RNA was used to synthesize the first strand of cDNA with the Improm-II Reverse Transcription System (Promega), using oligodT as the primer. For RT-PCR analysis of hepcidin-1, furin and HPRT1 we used the following primers: hepcidin-1: forward TTGCGAT-ACCAATGCAGAAGAG, reverse TCTTCTGCTGTAAATGCT-GTAACAATT; furin: forward CCTTCTTCCGTGGGGTTAG reverse GCAGTTGCAGCTGTCATGTT and HPRT1: forward GCTTGCTGGTGAAAAGGACCTCTCGAAG reverse CCCT-GAAGTACTCATTATAGTCAAGGGCAT. The PCR were run for 25 cycles.
Statistical analysis
Values between mock and transfected/treated cells were compared using Student’s t-test for unpaired data. Differences were defined as statistically significant for P values less than 0.05.
Results
An initial analysis by real-time RT-PCR showed that the transcripts of hepcidin, TfR2, HJV, HFE and furin were expressed at detectable levels in the HepG2 cells. In basal conditions the amount of hepcidin mRNA was comparable to that of GAPDH, while that of TfR2, HJV, HFE and furin transcripts was about 1000-fold lower (Online Supplementary Figure S1A). We could detect endogenous furin by western blotting, but not TfR2, HFE and HJV, because of their low levels of expression and the insufficient affinity binding of the antibodies available to us. With the aim of studying the role of TfR2 and HFE in hepcidin regulation we developed methods for their down-regulation. We tested three different pre-designed siRNA for TfR2 and two for HFE and they were used at a concentration of 100 pmol/well for transfecting HepG2 cells. Analysis 72 h after transfection showed that the most efficient siRNA caused approximately 70% inhibition of the transcripts (Online Supplementary Figure S1B). The silenced cells reached confluence at the same time as the mock-transfected cells, indicating that none of the siRNA affected cell growth.
Silencing of transferrin receptor 2 and HFE in HepG2 cells
We first analyzed the effect of the silencing on the expression of hepcidin and of the proteins involved in the control of its expression. The silencing of TfR2 caused a minor and non-significant reduction of hepcidin mRNA, a significant reduction of SMAD1/5/8 phosphorylation (about 50%) and of furin expression (>70%), evident both from real time RT-PCR evaluation of the mRNA and by western blotting with anti-furin antibodies (Figure 1A and B). Since TfR2 is involved in MAPK signaling and phosphorylation of Erk1/2,17 we analyzed the level of phospho-Erk1/2 (also named p42/44), finding that it decreased by approximately 60% in the TfR2-silenced cells. Thus, TfR2 silencing modified Erk signaling and, to a lesser extent, also SMAD signaling, together with furin and hepcidin expression. The effect of HFE silencing was less potent: it did not cause an evident decrease in hepcidin mRNA, and the decrease in the level of pSMAD1/5/8 was minor and not statistically significant, while the decreases of furin mRNA and protein and of phosphor Erk1/2 level (~50% ) were statistically significant (Figure 1A and B). Silencing of the two together did not increase the inhibitions in a basal situation (data not shown). Hepcidin is strongly induced by BMP, which activate SMAD phosphorylation and signaling. In the conditions we used, BMP2 induced hepcidin expression in HepG2 cells by about 3-fold (Figure 1C); the induction was slightly, and non-significantly reduced by the silencing of TfR2 and of HFE. However, the silencing of the two together completely blunted the BMP2-dependent induction of hepcidin mRNA (Figure 1C). The similarity of the responses to TfR2 and HFE silencing was a first indication that the two act on the same pathways, which may involve furin expression.
Bone morphogenic protein 2 induces furin expression
BMP are members of the TGF-β family and the two protein types are known to activate SMAD and MAPK signaling which affects a large number of genes. Furin expression in HepG2 cells was shown to be stimulated by TGF-β1 via a cross-talk between these two signaling pathways,28 but the effect of various BMP on its expression has not been described. In initial dose-response experiments we found that BMP2 at the concentration of 10 ng/mL not only induced SMAD1/5/8 and Erk1/2 phosphorylation, but also up-regulated furin protein and mRNA by about 2-fold, and that this effect did not increase further at the BMP2 concentration of 100 ng/mL (Figure 2A). Similar results were obtained using 10 ng/mL BMP6 (data not shown). Time-dependent studies showed that the induction of furin mRNA was fast, evident even after 30 min, and steadily increased for 16 h, while that of furin protein increased progressively in the period from 4 to 16 h (Figure 2A). We concluded that furin is actively regulated by various BMP in HepG2 cells, with a mechanism that may involve SMAD, Erk signaling or both. Next we analyzed the effect of TfR2 and HFE silencing on this induction. After transfection with the siRNA the cells were incubated for 16 h with 50 ng/mL BMP2 and analyzed. In the mock-transfected cells Erk1/2 phosphorylation and furin expression were up-regulated 2–3 fold, as expected, while in the cells silenced for TfR2 and HFE, pErk1/2 and furin were not induced (Figure 2B). The silencing of the two together had a more potent effect on furin expression, which was reduced below basal level (Figure 2B). These data suggest that furin is induced by BMP2 mainly via Erk signaling, since HFE silencing affects Erk, but not SMAD signaling (Figure 1B).
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Figure 1.Effects of TfR2 and HFE silencing. HepG2 cells were transfected with the siRNA specific for TfR2 and HFE and analyzed after 72 h. (A) Levels of hepcidin and furin mRNA evaluated by real-time RT-PCR after the transfection, expressed as percentages of the levels of the mock transfected cells corrected for HPRT1 mRNA level. (B) Western blotting of total cell homogenates probed with the antibodies for furin, phosphorylated SMAD1/5/8 (pSMAD1/5/8), SMAD1, phosphorylated Erk1/2 (pErk1/2), total Erk1 and actin; the histograms show the densitometry values of the bands expressed as percentages of those of the mock transfected cells, and corrected for actin level. (C) Real time analysis of hepcidin mRNA level after transfection with TfR2 or HFE siRNA alone and in combination, and after 50 ng/mL BMP2 for 16 h. The histogram is expressed as the percentage of hepcidin mRNA of the mock transfected cells. Histograms of the densitometry and of qRT-PCR are the means and SD of at least three independent experiments. The horizontal lines indicate the hepcidin mRMA level in the basal and in the induced control cells. The asterisks indicate statistically significant difference (P<0.05) from the mock transfected controls.
Expression of HFE and transferrin receptor 2
Once found that the down-regulation of TfR2 and HFE reduces Erk signaling and furin expression, it was important to verify whether the opposite occurs after exogenous expression of the two. We, therefore, transfected the cells with the cDNA of human TfR2, of myc-tagged human HFE or of its mutant C282Y. Western blotting with anti-TfR2 and with anti-myc antibodies confirmed that the transfections were efficient (Figure 3A). The level of pErk1/2 did not change appreciably, while the level of furin mRNA increased significantly 3- to 4-fold after transfection with TfR2 and HFE, but not with the HFE mutant C282Y (Figure 3A). Erk signaling was shown to be induced by holotransferrin binding to TfR2.17,23 We verified that this also occurs in HepG2 cells. Incubation with 30 μM human holotransferrin caused a transient induction of Erk1/2 phosphorylation that peaked after 30–45 min, while apotransferrin had no effect (Online Supplementary Figure S2). Furin mRNA increased 2–3 fold after 30 min incubation with holotransferrin (data not shown). To evaluate the effect of TfR2 and HFE on the signaling, 30 μM holotransferrin were then added to the transfected cells which were analyzed after 30 min. The treatment caused a higher increase of pErk1/2 in the cells transfected with TfR2 and HFE than in the mock-transfected cells, and the cells transfected with the HFE-C282Y behaved as the mock-transfected cells (Figure 3B). We also analyzed the level of furin mRNA: it increased in parallel with pErk1/2 in the cells transfected with TfR2 and HFE but not in those transfected with HFE-C282Y (Figure 3B). After addition of holotransferrin the tranfections increased furin transcript about 10-fold with respect to the mock-transfected cells (Figure 3B), and the increase was much higher than that in the cells before addition of holotransferrin (data not shown). These results indicate that both TfR2 and HFE (but not HFE-C282Y) participate in the signal transduction induced by holotransferrin.
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Figure 2.Treatment of HepG2 cells with BMP2. (A) Upper: HepG2 cells were treated with different doses of BMP2 (10–100 ng/mL) for 16 h and analyzed for furin mRNA with real-time RT-PCR and for furin, phosphoErk1/2, pSMAD1/5/8 and actin with western blotting. Lower: time course of furin induction by BMP2. HepG2 cells were grown in 50 ng/mL BMP2 and analyzed at the indicated times for furin mRNA with real-time RT-PCR and for furin and actin with western blotting. Histograms of the densitometry and of qRT-PCR are expressed as fold increase relative to the cells untreated with BMP2, after normalization on actin level, or HPRT1. The histograms are mean and SD of three independent experiments. The asterisks indicate statistically significant difference (P<0.05) from the mock transfected controls. (B) HepG2 cells were transfected with siRNA for TfR2 and HFE alone or in combination (TfR2+HFE), then they were incubated with 50 ng/mL BMP2 for 16 h, and furin and pErk1/2 were analyzed by western blotting. Histograms of the densitometry expressed as percentage relative to the mock transfected cells and incubated with BMP2 after normalization on actin level. Means and SD of at least three independent experiments. The asterisks indicate statistically significant difference (P<0.05) from the mock transfected controls.
Furin expression in transferrin receptor 2 null-mice
Our data show that TfR2 down-regulation in HepG2 cells causes an inhibition of furin expression. To verify whether this occurs also in vivo, we analyzed the liver of 14-day old TfR2 mice recently described, which are characterized by liver iron overload and reduced expression of liver hepcidin.29 RT-PCR showed that the levels of furin and hepcidin mRNA were strongly reduced in the TfR2 mice (Figure 4A). The levels of furin protein, pErk1/2 and pSMAD1/5/8 were also reduced compared to those of the controls, while the L-ferritin level (FtL) was strongly increased (Figure 4B). Thus, in the TfR2 mice, liver iron overload was accompanied by the down-regulation of furin, pSMAD1/5/8 and pErk1/2 signaling.
[image: ]

Figure 3.Effect of holotransferrin in cells expressing HFE and TfR2. (A) The HepG2 cells were transfected with cDNA for TfR2 (TfR2), myc-tagged HFE (HFE) and myc-tagged HFE mutant C282Y (282). Right: western blotting analysis for the expression of the transgene with antibodies for TfR2 and Myc-Tag, pErk1/2 and total Erk1. Left: real time analysis of furin mRNA level after transfection with cDNA for TfR2 (TfR2), myc-tagged HFE and myc-tagged HFE mutant C282Y. (B) The transfected cells were incubated for 30 min with 30 μM holo-transferrin (HoloTf) and analyzed for pErk1/2 and total Erk1 level by western blotting (right). Left: real-time RT-PCR evaluation of furin mRNA after 30 min of incubation with holotransferrin. Western blots are representative of three independent experiments, and the histograms are means of three experiments. The asterisks indicate statistically significant difference (P<0.05) from the mock transfected controls (M).
Inhibition of furin activity and expression
The data indicated that HFE and TfR2 are involved in Erk-MAPK signaling and that this is accompanied by the modulation of furin expression. Furin is a proconvertase with multiple roles in hepcidin expression, since it is responsible for the processing of prohepcidin to the mature hormone25 and for the cleavage of HJV to produce the inhibitory soluble HJV.12 Moreover furin is implicated in the processing of TGF-β and of BMP.30 To study its actual function in our cell model we initially treated HepG2 cells with the furin inhibitor CMK for 16 h. This, in the concentration range of 10–100 μM, caused a reduction of hepcidin mRNA of about 90–99% and strong reductions of SMAD phosphorylation and furin protein (Figure 5A). Time course experiments showed that the effect of CMK (50 μM) was biphasic with an initial up-regulation of pSMAD1/5/8 and of hepcidin mRNA followed by a progressive inhibition after 16 h (Figure 5B). The stimulation was faster for pSMAD1/5/8, which peaked at 30 min, while the hepcidin stimulation lasted up to 2 h (Figure 5B). Furin protein inhibition was evident only after 16 h of treatment. This biphasic pattern supports the hypothesis that furin activity has different targets that act in opposite ways on hepcidin expression.
BMP activate various signaling pathways, among which those involving SMAD1/5/8 and Erk1/2 phosphorylation are thought to be the major ones. To identify the one involved in furin induction we applied two well known compounds, dorsomorphin, a specific inhibitor of type I BMP receptors and of SMAD1/5/8 phosphorylation,31 and U0126, a specific inhibitor of Erk phosphorylation.32 Figure 6A shows that dorsomorphin blocked pSMAD1/5/8 stimulation by BMP2, but did not modify the level of pErk1/2, as expected. U0126 reduced the level of pErk1/2 after BMP2 stimulation, and had no effect on pSMAD1/5/8. These treatments did not modify the level of total Erk or of SMAD1 (data not shown). Dorsomorphin suppressed hepcidin mRNA even after BMP2 induction, as expected, while U0126 had no evident effect (Figure 6B). More interestingly, furin induction by BMP2, both at the protein and mRNA levels, was inhibited by U0126, and, to a lesser extent by dorsomorphin, and the inhibition was stronger when the two were together (Figure 6A and B). These results confirm that hepcidin expression is regulated mainly by the BMP/SMAD pathway, and show that furin is regulated by a cross-talk between the SMAD and the Erk pathways.
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Figure 4.Furin expression in TfR2−/− mice. The livers of three wild type (TfR2+/+) and of three TfR2 knockout (TfR2−/−) 14-day old mice were analyzed. (A) RT-PCR analysis of furin, hepcidin and HRPT1 (as a control) mRNA. (B) Western blotting analysis of the liver extracts for furin, pSMA1/5/8, total SMAD1, pErk1/2, total Erk1 and ferritin light chain (FtL). GAPDH was used as a loading control. The histograms represent the means of two groups analyzed, TfR2+/+ and TfR2−/−. The asterisks indicate a statistically significant difference (P<0.05).
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Figure 5.Inhibition of furin activity. (A) HepG2 cells were incubated for 16 h with the indicated concentrations of furin inhibitor CMK and then the level of hepcidin mRNA analyzed by qRT-PCR, and pSMAD1/5/8, SMAD1, actin and furin analyzed by western blotting. (B) Cells were exposed to 50 μM CMK for the indicated time and the levels of hepcidin mRNA and of pSMAD1/5/8, SMAD1 furin and actin were analyzed. Histograms of qRT-PCR are the means and SD of at least three independent experiments. The asterisks indicate statistically significant difference (P<0.05) from the untreated cells (0).
Discussion
Hepcidin expression in the liver and hepatic cell lines is mainly controlled by BMP signaling, with BMP6 probably being the major physiological activator,4,15 while BMP2 and BMP4 have been used in many cellular studies.14,33,34 The signaling includes the phosphorylation of SMAD1/5/8, which associate with SMAD4, the complex translocates to the nucleus for activation of the SMAD-binding elements of hepcidin promoter.35 The relationship between this pathway and the transferrin-dependent induction of hepcidin has not been fully elucidated. The expression of BMP6 is iron-regulated,36 but HFE null mice have inappropriately low levels of hepcidin and develop iron overload, although they have an adequate level of BMP6. This suggests that HFE (and possibly TfR2) acts upstream, or independently, of hepcidin induction by BMP6.37
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Figure 6.Treatment with dorsomorphin and U0126. HepG2 cells were grown for 6 h in the presence or absence of 50 ng/mL BMP2 with or without 5 μM dorsomorphin (DM) or 10 μM U0126. (A) Western blot analysis of furin, pSMAD1/5/8, pErk1/2 and actin. Representative of three independent experiments. (B) Evaluation of hepcidin, and furin mRNA by real time RT-PCR. Histograms are expressed as fold-increase relative to non-treated cells. Means of three independent experiments.
To study the role of TfR2 and HFE we silenced them in HepG2 cells. The silencing of TfR2 caused a minor reduction of hepcidin expression and of SMAD1/5/8 phosphorylation, but strongly reduced the phosphorylation of Erk1/2 (Figure 1A and B). In hepatic cells, Erk signaling is activated by the BMP38 and also by holotransferrin binding TfR2,17,23 in a mechanism which is a sensor of transferrin saturation and body iron status. However, how this mechanism and signaling act in hepcidin regulation has not been clarified. We confirmed that this signaling is associated with TfR2 activity, since the level of pErk1/2 increased after addition of holotransferrin (Online Supplementary Figure S3), and even more in the cells transfected with TfR2 cDNA (Figure 3). Thus the induction of pErk1/2 seemed to be linked to TfR2 and to its binding to holotransferrin. Probably more interesting was the observation that pErk1/2 was directly associated with furin expression, both at the level of mRNA and protein. Our data, therefore, indicate that furin expression was suppressed by the silencing of TfR2, was induced by TfR2 transfection and further induced by holotransferrin. The linkage between Erk and furin is not surprising, since it has already been demonstrated that furin expression in HepG2 cells is regulated by TGF-β1 in a cross-talk between the Erk and the SMAD2/3 pathways.28 We found a similar cross-talk between Erk and SMAD1/5/8 pathways in HepG2 cells also after stimulation by BMP. The analysis of the TfR2 mice indicated that a relationship between TfR2 and furin also exists in vivo, since the levels of furin mRNA and protein were abnormally low in their livers, as were the levels of pErk1/2 and of pSMAD1/5/8 (Figure 4). The relationship between TfR2 activity and furin may be relevant in the regulation of hepcidin expression, since furin has already been shown to act as a regulator of hepcidin expression and to be modulated by HIF-α in an iron-dependent manner.12
[image: ]

Figure 7.Proposed scheme of the signaling pathway by TfR2 and HFE. Holotransferrin by binding to TfR2 in a complex with HFE, induces Erk1/2 phosphorylation. This, in turn, induces furin expression possibly acting also on the SMAD1/5/8 pathway. Furin participates in the maturation of hepcidin, and of the BMP, which induce hepcidin expression. It also produces the soluble form of HJV, which has an inhibitory effect on hepcidin expression.
We also analyzed the role of HFE, finding that its down-and up-regulation in HepG2 cells had an effect on pErk1/2 similar to that of TfR2, although slightly less robust. HFE silencing reduced pErk1/2 and furin, but did not modify pSMAD1/5/8 or hepcidin (Figure 1 A and B), and its exogenous expression enhanced the induction of furin and Erk signaling by holotransferrin (Figure 3). Of interest is that this activity was absent in the pathogenic mutant C282Y which, when expressed, did not modify pErk1/2 or furin expression (Figure 3). This supports the hypothesis that the activity in furin regulation is physiologically important in the control of hepcidin expression. Altogether these data indicate that TfR2 and HFE act on the same signaling pathways. HFE and TFR2 were shown to interact when expressed in the same cells,19 and the HFE-TFR2 complex was required for the transcriptional regulation of hepcidin by holotransferrin in hepatic cells.20 Thus, it is conceivable that the two cooperate in a complex mechanism which affect hepcidin expression. Indeed we found that the silencing of the two together had a stronger inhibitory effect on the inhibition of the stimulation by BMP2 on furin and on hepcidin expression (Figures 1C and 2B).
We showed that furin expression was stimulated by BMP2 in a dose-dependent and time-dependent manner (Figure 2A). The induction was abolished by the silencing of TfR2 and HFE, and also by U0126, a specific inhibitor of Erk phosphorylation32 (Figures 2B and 6). This confirms that furin in HepG2 cells is regulated by the MEK/Erk1/2 MAPK cascade, as previously indicated.28 However, also dorsomorphin, a pSMAD inhibitor, reduced furin expression, although slightly and particularly when added together with U0126 (Figure 6). This indicates that furin is also regulated by BMP in a cross-talk between the SMAD1/5/8 and Erk1/2 pathways, similar to the TGF-β1 induction that acts on pErk1/2 and on pSMAD2/3 for the regulation of furin expression.28 It should be noted that the regulation of furin differs largely from that of hepcidin, which is highly sensitive to inhibition by dorsomorphin but not by U0126 (Figure 6B).
Once established that TfR2 and HFE act on furin expression, the role of furin in the regulation of hepcidin remains to be assessed. Furin was indicated as a regulator of hepcidin because of its capacity to process HJV and transform it from a membrane-bound BMP-co-receptor into a soluble antagonist.12 However, furin is also responsible for the processing of prohepcidin into the mature protein.25 Moreover, furin was shown to be involved in the bioactivation of multiple growth/cell differentiation-related factors, which include TGF-β, BMP4, BMP2 and probably most of the BMP family members.27,30 Thus the effect of furin on hepcidin expression may be complex, resulting in activation or inhibition depending on the conditions. And this is what we observed: the suppression of furin activity by the specific proteolytic inhibitor CMK fully suppressed the expression of hepcidin mRNA after 16 h of incubation (Figure 5). The effect was specific, since the levels of HJV, TfR2 and HFE mRNA were not affected by CMK (data not shown), although furin itself was down-regulated (Figure 5). However, the kinetics of CMK treatment was biphasic, with an initial stimulation of hepcidin mRNA and pSMAD1/5/8 followed by gradual suppression that was complete at 16 h (Figure 5B). This can be interpreted by an early effect in which the suppression of furin activity inhibited the production of soluble HJV, resulting in the activation of HJV/BMP/SMAD signaling. In the late phase the absence of furin activity reduced some essential processes probably upstream of HJV signaling. The likely candidate is the processing of BMP members, the production of which is essential for hepcidin expression. That furin-dependent release of soluble HJV is inhibited by CMK had already been demonstrated in a cellular system in which exogenous HJV was expressed;12 unfortunately the tools are not presently available to evaluate the level of endogenous mHJV and sHJV. Likewise, an experimental demonstration that low furin level/activity results in the accumulation of non-functional BMP cannot be approached at present because of the lack of adequate tools.
From these data we propose that furin’s multiple roles in processing hepcidin, HJV and BMP members participate in the regulation of hepcidin expression, as summarized in Figure 7. The in vivo data are consistent with this model, since furin and pErk1/2 were down-regulated in TfR2 mice, and furin mRNA level was reported to be abnormally low in the liver of subjects with HFE hemochromatosis.39 Moreover, mice in which HFE, TfR2 and both were deleted had lower levels of pErk1/2 in the liver.24 We realize that the model cannot be tested in HepG2 cells, since they do not respond to holotransferrin with hepcidin induction. This was attributed to HFE deficit,20 but we did not observe hepcidin up-regulation when we over-expressed HFE or TfR2 (data not shown). Furin is involved in the processing of key molecules for cellular growth and differentiation processes, and its inactivation is lethal to embryos.40 However the conditional inactivation of furin in the liver did not produce a severe phenotype and all the tested putative targets of furin activity were processed, although to variable degrees.41 Liver functionality was also fully preserved, except for occasional mild congestion, but liver iron load was not analyzed.
In conclusion, the present data indicate that HFE and TfR2 co-operate for holotransferrin sensing which results in furin regulation. The lack of this sensing by the C282Y mutants of HFE may contribute to the development of HFE hemochromatosis. We propose that the iron-dependent (or holotransferrin-dependent) signaling involving TfR2 and HFE acts via the MAPK/Erk pathway which cross-talks with the main BMP/HJV/SMAD pathway. This regulates furin expression, whose role in the maturation of BMP members may be important in the control of hepcidin expression.
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