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                                                                                                                        Abstract

                                                            Background Mitochondrial ferritin is a nuclear encoded iron-storage protein localized in mitochondria. It has anti-oxidant properties related to its ferroxidase activity, and it is able to sequester iron avidly into the organelle. The protein has a tissue-specific pattern of expression and is also highly expressed in sideroblasts of patients affected by hereditary sideroblastic anemia and by refractory anemia with ringed sideroblasts. The present study examined whether mitochondrial ferritin has a role in the pathogenesis of these diseases.Design and Methods We analyzed the effect of mitochondrial ferritin over-expression on the JAK2/STAT5 pathway, on iron metabolism and on heme synthesis in erythroleukemic cell lines. Furthermore its effect on apoptosis was evaluated on human erythroid progenitors.Results Data revealed that a high level of mitochondrial ferritin reduced reactive oxygen species and Stat5 phosphorylation while promoting mitochondrial iron loading and cytosolic iron starvation. The decline of Stat5 phosphorylation induced a decrease of the level of anti-apoptotic Bcl-xL transcript compared to that in control cells; however, transferrin receptor 1 transcript increased due to the activation of the iron responsive element/iron regulatory protein machinery. Also, high expression of mitochondrial ferritin increased apoptosis, limited heme synthesis and promoted the formation of Perls-positive granules, identified by electron microscopy as iron granules in mitochondria.Conclusions Our results provide evidence suggesting that Stat5-dependent transcriptional regulation is displaced by strong cytosolic iron starvation status induced by mitochondrial ferritin. The protein interferes with JAK2/STAT5 pathways and with the mechanism of mitochondrial iron accumulation.
                                                            
                                                            Introduction
Mitochondrial ferritin (FtMt) is an iron-storage protein localized to the mitochondrial matrix.1,2 The human protein is encoded by a nuclear intronless gene that is transcribed into a mRNA similar to H-and L-ferritin mRNA, but it lacks the typical consensus iron-responsive element (IRE) sequence for iron-dependent regulation.3 FtMt has a three-dimensional structure4 and biochemical properties analogous to those of human H-ferritin. FtMt rapidly incorporates and oxidizes iron in vitro5 and its expression strongly affects cellular iron homeostasis as, revealed by several studies of cellular and animal models.6–10 The protein drives iron into mitochondria, induces cytosolic iron starvation and, depending on cellular growth conditions, improves or limits mitochondrial Fe/S enzymatic activities.8 FtMt, through its iron-sequestering capacity, inhibits the development of radical oxygen species (ROS) after treatment with oxidative insults or in enhanced respiratory conditions, suggesting that its primary function is linked to the control of ROS formation.7,8 Accordingly, the expression of FtMt in a frataxin-deficient yeast model,7 in fibroblasts from patients with Freidreich’s ataxia8 and in neuroblastoma cell lines,11 as well as silencing of FtMt in HeLa cells12 showed an important role of the protein in protecting cells from oxidative damage. Studies of mice demonstrated a tight tissue-specific pattern of FtMt expression which confirmed the anti-oxidant role of the protein.13 In fact, FtMt was found to be preferentially expressed in cells characterized by high-energy consumption and is not present in iron storage tissues.13 Moreover, in mutant SOD1 transgenic mouse, a model of amyotrophic lateral sclerosis, an increase of FtMt was observed in the spinal cord, both in motor neurons and astrocytes.14 In humans, the protein is highly expressed in spermatozoa,15 in neurons16 and, at low levels, in other tissues, such as the kidney, and thymus.15 It was also found to be associated with pathological conditions. FtMt is highly expressed in sideroblasts of patients affected by inherited X-linked sideroblastic anemia (XLSA) (OMIM #300751) and by refractory anemia with ringed sideroblasts (RARS), in whom it was demonstrated to be a specific marker of this subtype of myelodysplastic syndrome.17,18 In RARS, the protein is expressed at a very early stage of erythroblast differentiation, its level continuously increases during differentiation and it is apparently linked to cytochrome c release,19 suggesting that it may be involved in the development of ineffective erythropoiesis. Recently FTMT mice were obtained and subjected to vitamin B6 (pyridoxine) deprivation to induce sideroblast/siderocyte formation.20 The authors did not observe significant defects in FTMT mice; however, neither wild-type nor mutant mice showed bone marrow ringed sideroblasts, confirming the limitations of using the mouse as a model for sideroblastic anemia.20 Further investigations are, therefore, needed to establish whether FtMt has an effect on the pathogenesis of these diseases.
FtMt has the property of limiting ROS production and this may have an effect on the signal transduction pathways in which ROS have been described as second messengers such as the JAK/STAT pathways.21–23 In particular, erythropoiesis depends on signal transduction through the erythropoietin receptor (EpoR)-Janus kinase 2 (Jak2)-signal transducer and activator of transcription 5 (Stat5) axis.24,25 Analysis of Stat5−/− mice established a link between EpoR/JAK/STAT signaling and iron metabolism. Stat5−/−mice suffered from microcytic hypochromic anemia and showed reduced transcription of TfR1 mRNA and iron regulatory protein 2 (IRP2), the major translational regulator of transferrin receptor 1 (TfR1) mRNA stability in erythroid cells, indicating that both genes were transcriptional targets of Stat5.26 Stat5 also controlled iron regulatory protein 1 (IRP1) transcription in nitric oxide-treated cells;27 alteration of Stat5 activity may, therefore, have critical consequences on cellular iron homeostasis.
The aim of the present study was to clarify whether the expression of FtMt has an effect on the regulation of erythropoiesis.
Design and Methods
Cell cultures
The human erythroleukemic (K562) and murine erythroleukemia (MEL) cell lines and CD34 bone marrow cells were separated, grown and treated following standard procedures. Details are provided in the Online Supplementary Design and Methods. Informed consent was obtained from the subjects and the study followed the guidelines of the research ethical committee of the IRCCS Policlinico San Matteo in Pavia.
Plasmid and viral constructs
The pcDNA3-FtMt plasmid, encoding the entire FtMt protein precursor, has been described previously.6 The FtMtΔfeox mutant (E62K, H65G, H-chain numbering, previously described as FtMt222) with inactivated ferroxidase activity was described by Corsi et al.6 The FtMt and FtMtΔfeox coding regions were subcloned under the control of the ubiquitous PGK promoter into the pCCL.sin.cPPT.eGFP.WPRE vector28 using BglIII and XbaI restriction sites to generate the lentiviral expression constructs pPGKMT and pPGKMTΔfeox, respectively.
Transient transfections, lentiviral vector stock preparation and K562 cell transduction
MEL cells were transiently transfected using Lipofectamine 2000 (Invitrogen, San Giuliano Milanese, Italy) following the procedure recommended by the manufacturer. As previously described, lentiviral vectors pPGKMT (LV-FtMt), pPGKMTΔfeox (LV-FtMtΔfeox) and the control pPGKGFP (LV-GFP) were produced by transient co-transfection with four plasmids in 293T cells.28,29 Different vector dilutions were used to transduce target cells K562 and CD34 cells. After 48 h, green fluorescent protein (GFP)-fluorescent cells were visualized using a fluorescence microscope to test transduction efficiency. Cells transduced with the virus dilution that showed the best result for GFP were tested for ferritins expression.
Preparation of total RNA, reverse transcription, and quantitative real-time polymerase chain reaction
Total RNA was extracted from cells with the RNeasy kit (Qiagen, Milano, Italy). Next, 1 μg of total RNA was incubated with 1 U DNaseI (Invitrogen), which was reverse transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Monza, Italy). Samples without reverse transcriptase were included as negative controls. Primers were designed to specifically amplify human Bcl-xL (F 5′-ATTGTGGCCTTTTTCTCCTT-3′, R 5′-GTTCCA-CAAAAGTACCCAG-3′) and transferrin receptor 1 (TfR1) (F 5′-GCAACAGTTACTGGTAAACTG-3′, R 5′-AGCATTTGCAAC-CTTTTCTG3′) cDNA. Real-time polymerase chain reaction (PCR) was performed using the SYBR Green PCR Master Mix (Applied Biosystems) on an ABI 7900HT fast-real time PCR system. The mRNA/cDNA abundance of each gene was calculated relative to the expression of a housekeeping gene, glyceralde-hyde-3-phosphate-dehydrogenase (GAPDH). For IRP1 (Hs00158095_m1) and IRP2 (Hs00386293_m1), TaqMan gene expression assays (Applied Biosystems) were utilized, and ACTB (Hs99999903_m1) was considered as the housekeeping gene.
Western blot analysis
For each sample, 25 μg of soluble protein were loaded onto 10% or 12% gels for sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS–PAGE), separated and then transferred to nitro-cellulose membranes. After transfer, the filters were blocked and then incubated with primary antibodies. Anti β-actin antibody was purchased from Sigma, anti-TfR1 antibody from Zymed (San Francisco, CA, USA), anti-PARP from Promega (Milan, Italy), anti-Stat5 from BD Biosciences (Buccinasco, Italy), anti-phospho-Stat5 from Upstate (Temecula, CA, USA), and anti-IRP2 from Santa Cruz Biotechnology (Heidelberg, Germany). Monoclonal anti-ferritin, polyclonal anti-mitochondrial ferritin and polyclonal anti-IRP1 antibodies were produced in our laboratory.8,30,31 Primary antibodies were revealed with horseradish peroxidase-labeled secondary antibodies (Sigma) and a chemiluminescence kit (ECL) (GE Healthcare, Milan, Italy).
Iron proteins and iron content analysis
Methods for quantification of ferritin, the electromobility shift assay, cellular Fe incorporation, heme and total protein content are detailed in the Online Supplementary Design and Methods.
Detection of reactive oxygen species
Cells (1×10) were incubated with 30 μM dihydrorhodamine 123 (DHR 123) (Molecular Probes, Invitrogen) in Hanks’ balanced saline solution supplemented with 10 mM glucose for 15 min at 37°C. After washing cells were seeded onto 96-well plates, then fluorescence was read on a Victor3 Multilabel Counter (Wallac, Perkin Elmer) at an excitation wavelength of 485 nm and an emission wavelength of 535 nm in the basal condition or after incubation of cells with 0.3 mM H2O2 for 30 min.
Fluorescence analysis and immunocytochemistry
Cells (5×10) were fixed in 4% paraformaldehyde and permeabilized in 0.1% Triton x-100. To visualize nuclei, the fixed cells were stained with 1.5 μg/mL of 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma) for 2 min. To reveal the presence of mitochondrial ferritin, they were incubated with polyclonal anti-FtMt (diluted 1:500) in phosphate-buffered saline, 1% bovine serum albumin followed by anti-IgG TRITC-labeled antibodies (DAKO, Milano, Italy) or by anti-IgG alkaline phosphatase-labeled antibodies (Sigma). May Grünwald Giemsa staining was performed on cytospins prepared at various time-points. Apoptosis was measured by means of the nuclear DNA fragmentation assay, using a terminal-deoxynucleotidyltransferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) technique. An alkaline phosphatase anti-fluorescein antibody was then used. The “In situ Cell Death Detection Kit” (Roche Diagnostics GmbH, Mannheim, Germany) was used according to the manufacturer’s instructions. The apoptotic index was expressed as the percentage of positive nuclei for at least 500 counted cells at a magnification of 1000x. For simultaneous detection, within the same cell, of FtMt accumulation and apoptosis, the “EnVision G/2 Doublestain System, Rabbit/Mouse Kit” (Dakopatts, Glostrup, Denmark) was used according to the manufacturer’s instructions.
Perls’ staining, electron microscopy and electron spectroscopic imaging/electron energy loss spectroscopy
Cells were grown for 6 days in the presence of 20 mM ferric ammonium citrate (FAC) or 20 mM iron transferrin (FeTf) and then stained for iron content with Perls’ Prussian blue reaction by incubation for 30 min in 1% potassium ferrocyanide, 1% hydrochloric acid in distilled water. To perform electron microscopy K562 cells and clones were fixed for 15 min at 4 °C with 4% paraformaldehyde and 2.5% glutaraldehyde in 125 mM cacodylate buffer and centrifuged at high speed. The pellet was post-fixed (1 h) with 2% OsO4 in 125 mM cacodylate buffer, washed, dehydrated and embedded in Epon. Conventional thin sections were collected on uncoated grids, stained with uranyl and lead citrate and examined in a Leo912 electron microscope (Zeiss, Arese, Italy). Electron spectroscopic imaging/electron energy loss spectroscopy (ESI/EELS) analyses were performed on the same electron microscope. Briefly, the patterns of net iron distribution were obtained by computer-assisted processing of two images collected below (651 and 683 eV) and one beyond the Fe-L3 absorption edge at 719 eV. The final iron map (coded in pseudocolors) was then superimposed on the ultrastructural organization of the same field obtained at 250 eV (i.e., at an energy loss at which most of the elements contribute to the image).
Statistical analyses
Data are reported as mean values ± standard deviation or as representative of at least three independent experiments. The data for ROS, heme content, ferritin quantification by enzyme-linked immunosorbent assay (ELISA), Bcl-xL-RT, TfR1-RT, IRP1-RT and IRP2-RT assays were analyzed using Student’s t test, which was considered statistically significant when the P value was less than 0.05.
Results
Production and characterization of K562 stable clones expressing mitochrondrial ferritin
To verify the hypothesis that the ROS-limiting properties of FtMt may affect the JAK2/STAT5 pathway, we took advantage of the constitutive phosphorylation of Stat5 present in the K562 cell line. We developed K562 stable clones, expressing FtMt and its mutant lacking ferroxidase activity (FtMtΔfeox, previously described as FtMt222). It was previously shown that the expression of FtMtΔfeox in cells does not alter cellular iron homeostasis.6 We, therefore, used it to distinguish between the effects due to the iron-chelation capacity of FtMt from those due to the presence of the protein itself. As a negative control, we used GFP, an unrelated protein. We produced lentiviral vectors carrying cDNA of human mitochondrial ferritins and GFP downstream of the human phosphoglycerate kinase (PGK) promoter. Varying the amount of viral particles, we obtained a transduction efficiency of more than 90%, with cells expressing different amounts of FtMt and FtMtΔfeox. The homogeneity of exogenous protein expression in the cell population was obtained by cloning the transduced cells by sequential dilution. By specific ELISA we selected three clones with different amounts of FtMt expression: clone Mt1=6.2 (±4.1), clone Mt4=58.2 (±28.3), and clone Mt8=334 (±114) ng of FtMt per mg of total proteins. Furthermore, we selected two FtMtΔfeox-expressing clones: clone MtΔfeox5=165 (± 47.1) and clone MtΔfeox7=201 (±60.0) ng of FtMtΔfeox per mg of total proteins. The stabilized clones were grown and analyzed by immunocytochemistry with a polyclonal anti-FtMt antibody (Figure 1A). The results showed homogeneity of stain intensity in all cells with typical mitochondrial dotted staining and a proportional increase of FtMt expression in the three different clones (Figure 1A) and similarly for the two FtMtΔfeox clones (data not shown). The FtMt, FtMtΔfeox clones and two controls, K562 and K562-GFP, were grown for 18 h in the presence of 1 μM Fe(III)-citrate and 10 μM ascorbic acid. Cells were then collected and lysed to obtain soluble proteins. The mitochondrial and cytosolic ferritins were separated on native PAGE, and their iron content was revealed by autoradiography (Figure 1B). As expected, Fe was associated only with the cytosolic ferritin band in FtMtΔfeox clones, GFP and K562 cells, while radiolabeled iron distribution between cytosolic and mitochondrial ferritins varied in the three FtMt clones. The low amount of FtMt in the Mt1 clone induced only a slight allocation of iron inside mitochondria. In Mt4, the amount of iron was equally shared between the two proteins; however, in Mt8, the high amount of FtMt abolished the cytosolic ferritin iron band, indicating cytosolic iron starvation.
Effect of mitochondrial ferritin on Stat5 phosphorylation and production or reactive oxygen species in K562 clones
K562 clones were analyzed for the effect of FtMt and its mutant on Stat5 phosphorylation. Minor, not significant changes were sometimes observed in the amount of total Stat5. Conversely, the expressed FtMt limited the phosphorylation of Stat5 (both the a and b isoforms) down to about 50% compared to controls, in a dose-dependent manner (Figure 1C). Stable FtMtΔfeox clones were shown to have no effect on the phosphorylation of Stat5 (Figure 1D). The null effect of the FtMtΔfeox suggested that the reduction of P-Stat5 was linked to the ability of FtMt to oxidize and incorporate iron.6 Thus, we treated the K562 and GFP-expressing cells with the iron-chelator desferrioxamine (DFO; 0.1 mM for 18 h) to verify the iron-dependency of the decrease in P-Stat5. The treatment resulted in a reduced P-Stat5, down to 50–60% compared to the controls (Figure 1E), similarly to the FtMt-expressing clones. As a result, FtMt iron sequestration capacity appears responsible for this effect, probably limiting ROS formation. We, therefore, tested the level of ROS in the clones; cells were loaded with the redox sensitive fluorescent probe dihydrorhodamine 123 (DHR123) and ROS production was evaluated by fluorescence. To avoid interference with fluorescence analyses, K562-LV-GFP was replaced by K562-LV-FtL, which over-expresses wild-type L-ferritin (Lwt)28 and was shown to have no effect on cellular iron metabolism. In basal conditions, the cells expressing a high amount of FtMt (Mt4 and Mt8) showed a significant decrease in ROS production, although only 5% lower than that in control cells (Figure 1F, upper panel). We, therefore, treated the cells with 0.3 mM H2O2 for 30 min and the results showed that FtMt further reduced the level of ROS compared to the controls (Figure 1F, bottom panel). In the latter condition, the ROS reduction appeared proportional to the amount of FtMt, with significant decreases of 15% and 25% for the Mt4 and Mt8 clones, respectively.
Effect of mitochondrial ferritin expression on transcription of Stat5 target genes
To verify the effect of reduced Stat5 phosphorylation at a transcriptional level, we performed real-time quantitative PCR on TfR1, IRP1 and IRP2, and on the Stat5-regulated anti-apoptotic gene Bcl-xL. Clones and controls were grown for 3 days, and K562 cells treated with 1 mM DFO for 48 h were used as a positive control because DFO treatment has an effect on apoptosis32 and on iron-dependent TfR1 translation.33 In the Mt1 clone, the Bcl-xL transcript was not significantly different; however, it was significantly reduced in Mt4 and Mt8 clones (approximately 35%) and in DFO-treated cells (approximately 60%) with respect to the Bcl-xL transcript of the control cells (Figure 2A). In contrast, as expected by the iron starvation cellular status, TfR1 mRNA increased by 1.6-, 3.3- and 2,8-fold in Mt4, Mt8 clones and DFO-treated cells, respectively. Also, no difference relative to the controls appeared in the Mt1 clone (Figure 2B). There were not statistically significant differences in IRP1 and IRP2 transcripts between control cells and clones (data not shown).
Effect of mitochondrial ferritin on iron metabolism proteins in K562 clones
The effect of FtMt over-expression on iron metabolism has been studied in different cell lines;6–11 however no data are available on the erythroid compartment. We, therefore, determined whether FtMt maintains its avidity with regards to iron incorporation in erythroleukemia cells. We evaluated the amount of cytosolic ferritins, TfR1, and IRP1 and measured IRP1/2 binding activities. Quantification of cytosolic ferritins in cell soluble homogenates by ELISA showed that the presence of FtMt in the clones resulted in a down-regulation of both chains of cytosolic ferritin, FtH and FtL, compared to controls (Online Supplementary Figure S1A). The homogenates were also analyzed by western blotting after SDS-PAGE separation of the soluble proteins, and anti-TfR1 specific antibodies revealed that TfR1 was particularly increased in the Mt8 clone (Online Supplementary Figure S1B). Electromobility shift assay showed that the binding activities of IRP1/2 increased only in Mt4 and Mt8, while Mt1 maintained a binding activity similar to that of controls even if the amount of IRP was lower than that of the other clones (Online Supplementary Figure S1C). Similar results were also obtained for IRP2 activity, which can be measured as an IRE-IRP2 complex in electromobility shift assay, which was super-shifted with the anti-IRP2 antibody (Online Supplementary Figure S1D). The antibody specific for IRP1 confirmed a decrease of this protein in the Mt1 clone; however, no variation occurred in the IRP1 level of Mt4 and Mt8 compared to controls (Online Supplementary Figure S1E). These results suggested that Mt4 and Mt8 clones showed a phenotype compatible with cellular iron deficiency.
Effect of mitochondrial ferritin on apoptosis in K562 clones and in CD34+ cells
Based on the previous results, we expected that the high expression of FtMt would produce a phenotype with enhanced apoptosis and mitochondrial iron overload. DAPI staining revealed that the FtMt clones did not show an increase in apoptotic cells with respect to the control cells in the basal condition (data not shown). Thus, the cells were treated with 1 mM DFO for 48 h to induce apoptosis. DAPI staining and analysis of the presence of the p85 fragment of poly ADP ribose polymerase (PARP) by specific antibodies in western blotting were performed. DAPI staining resulted in a minor increase of apoptotic cells without differences between the FtMt clones and control cells (data not shown). However, western blotting analysis showed that the amount of p85 fragment increased in parallel to FtMt expression and appeared enriched in the Mt8 clone, which had a higher level of FtMt (Figure 3A). To study apoptosis further, we tested the effect of FtMt over-expression in human erythroid progenitors. CD34 cells were transduced using LV-FtMt and after 14 and 21 days of culture collected and analyzed for morphological analysis, FtMt expression and apoptosis (Figure 3B). Many intermediate and late erythroblasts were seen in both transduced and non-transduced samples. Immunostaining with polyclonal anti-FtMt revealed that the efficiency of transduction was only about 30% at day 14. FtMt expression remained throughout the culture period. Due to the limit of transduction efficiency in primary cells, we determined the percentage of apoptotic cells in FtMt-expressing and non-expressing cells by double immunostaining. More than 80% of the FtMt-expressing cells underwent apoptosis, while only 20% of the FtMt non-expressing cells showed positivity in the TUNEL staining (Figure 3C). Similar findings were observed at day 21. Control CD34 cells and CD34 cells transduced using LV-GFP showed an apoptotic index similar to that of the FtMt non-expressing cells (data not shown). This preliminary result strongly supports the involvement of FtMt in inducing apoptosis in human CD34 cells.
[image: ]

Figure 1.Effect of FtMt expression on K562 clones. (A) Immunostaining of the three selected clones (Mt1, Mt4 and Mt8) with the antibody specific for human FtMt. (B) Control and transduced K562 cells were grown in the presence of 1 μM 55Fe(III)-citrate and 10 μM ascorbic acid for 18 h. Soluble lysates were separated on 7% non-denaturing PAGE, dried and exposed to autoradiography. Positions of immunodection of Mt4 clone, probed with the specific anti-mitochondrial and anti-cytosolic ferritin antibodies by western blotting, and iron associated with mitochondrial (FtMt) and cytosolic (Cyt Ft) ferritins are indicated by the arrows. One representative experiment of three independent experiments is shown. (C) Stable clones and control K562 soluble cell lysates (25 μg per lane) were separated by 7.5% SDS-PAGE, blotted onto a nitrocellulose filter and probed with antibodies specific for total Stat5, phosphorylated Stat5 (P-Stat5) and β-actin. Arrows indicate positions of protein bands. Plots show band intensities of P-Stat5 relative to total Stat5 representative of three independent experiments. Triangles indicate increasing amount of expressed protein. (D) Stable FtMtΔfeox clones and control K562 soluble cell lysates were analyzed as in panel (C). (E) Control, GFP transduced and DFO-treated K562 cells were analyzed as in panel (C). (F) Control and transduced K562 cells were loaded with a ROS-sensitive fluorescent probe DHR123 and treated (+ H2O2) or not (− H2O2) with H2O2 for 30 min. Plots represent mean (±SD) of ROS production after 30 min of incubation with or without H2O2 treatment (t30′) relative to basal ROS level (t0). Three independent experiments, were performed each in octuplicate. Significant changes are marked.
[image: ]

Figure 2.Effect of FtMt expression on transcription of Stat5 target genes in K562 clones. Control, transfected and DFO-treated K562 cells were harvested for isolation of total RNA. Levels of mRNA expression were determined by quantitative real-time PCR for Bcl-xL (A) and TfR1 (B) and then normalized to mRNA expression of GAPDH. Results are presented as mRNA amount relative to GAPDH (±SD). Four independent experiments were performed each in triplicate. Significant changes compared to GFP control cells are marked.
Effect of mitochondrial ferritin on mitochondrial iron overload
To check mitochondrial iron accumulation in K562 cells, Mt8 and MtΔfeox7 clones were grown for 6 days in medium supplemented with 20 μM of FAC or 20 μM Fe-Tf and then stained for iron content and FtMt expression (Figure 4A). The Perls’ staining of FAC-treated cells revealed the presence of iron granules in 12% of Mt8 cells (data not shown), while no positive iron staining was revealed in the case of MtΔfeox7 expression (data not shown). The effect was more evident in Mt8 cells treated with 20 μM Fe-Tf where almost all the cells showed the presence of Perls’-positive granules, with a distribution similar to that of FtMt staining (Figure 4A, lower panels), while the MtΔfeox7 clone remained negative (Figure 4A, upper panels). The Fe-Tf treated samples were also subjected to electron microscopy, which confirmed the presence of dense granules in mitochondria in the Mt8 clone (Figure 4B, both middle panels) and not in MtΔfeox7 and K562 cells (Figure 4B, upper panels). To confirm the chemical composition of these granules we used an ESI/EELS approach. Consistent ESI signals were observed in correspondence to the granules in the majority of mitochondria (Figure 4B, bottom panels) and the EELS spectrum analyses confirmed the presence of iron (data not shown).
Heme production in murine erythroleukemia cells over-expressing mitochondrial ferritin
K562 cells and clones after dimethylsulfoxide (DMSO) or hemin treatment did not synthesize large amounts of heme, demonstrating incomplete differentiation. We, therefore, chose the more suitable MEL cells to evaluate the effect of FtMt expression on the production of heme. MEL cells were transfected either with pcDNA3-FtMt or with the empty plasmid, obtaining an efficiency of approximately 50% as determined by immunofluorescence with anti-FtMt (data not shown). Next, the cells were treated for 3 days with 1.5% DMSO to promote differentiation. Cells were lysed in formic acid, and the heme content was measured by absorbance at 400 nm. The cells differentiated, as evidenced by the 2.9-fold increased heme production. The results indicated that the heme content was significantly diminished (approximately 30%) in cells expressing FtMt compared to in the control cells (Figure 4C), even when the cell population was not homogenous in FtMt expression.
Discussion
Erythropoiesis depends on the JAK2/STAT5 pathway and requires a large amount of iron to maintain heme synthesis. FtMt avidly sequesters iron inside the mitochondria (this work and 6,8) and is up-regulated in XLSA and RARS,17,18 disorders characterized by ineffective erythropoiesis. The presence of FtMt distinguishes sideroblasts, whereas it is absent in normal erythroblasts, suggesting that it may be, at least in part, involved in the pathophysiology of this subtype of low-risk myelodysplastic syndrome.17 Previous data on erythroblast cultures from bone marrow cells of patients with RARS indicated that FtMt expression occurs at an early stage of differentiation, before the iron burden develops, and parallels the apoptotic signals and the block of normal erythropoiesis.19 The authors hypothesized that the abnormal mitochondrial iron accumulation might have triggered apoptosis via ROS production, with consequent mitochondrial damage and arrest of erythropoietic maturation.19 However, the presence of FtMt in these cells suggests that mitochondrial iron was not available for ROS formation, being sequestered in the protein. In fact, one of the better characterized properties of FtMt is its ability to control the development of ROS, as this work and several other cellular studies have pointed out.7,8,11 Consequently, we hypothesized that the protein may be the inducer of the cascade of events leading to defects in erythroid maturation.
To evaluate this hypothesis, we chose erythroleukemia cells that spontaneously develop characteristics similar to early-stage erythroblasts and show constitutive enhanced Stat5 phosphorylation. FtMt expression experiments and DFO treatment of K562 cells indicated that: (i) FtMt specifically reduces P-Stat5 in a dose-dependent manner; (ii) FtMt ferroxidase activity is necessary to exploit this property; (iii) iron chelator molecules can mediate the P-Stat5 decrease. From these data we argue that variations in the amount of iron, induced by iron-sequestering agents, might be associated with the decrease of Stat5 phosporylation and this might be mediated by a decrease in ROS. In fact, in the FtMt stable clones the reduction of P-Stat5 was paralleled by a tendency of ROS levels to decrease, which became statistically significant in the clones expressing more than 60 ng/mg of total protein both in the basal condition and after an oxidative insult. It appears, therefore, that FtMt creates a relationship between the control of ROS development and the level of P-Stat5, indicating that FtMt may be considered an inhibitor of Stat5 phosphorylation as previously reported for ROS scavengers.21–23 Interestingly, a recent report on gene expression profiling of erythroblasts from RARS patients detected a significant down-regulation of STAT5B gene,34 giving an in vivo confirmation of the importance of Stat5 in this disease and supporting our in vitro results.
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Figure 3.Effect of FtMt expression on apoptosis in K562 and CD34+ cells. (A) Stable clones and control K562 were treated with DFO, soluble cell lysates (25 μg per lane) were separated by 10% SDS PAGE, blotted onto a nitrocellulose filter and probed with antibodies specific for the p85 PARP fragment (PARP-85) and β-actin. Plots show band intensities of the PARP fragment relative to β-actin. Results are representative of three independent experiments. Arrows indicate positions of protein bands. Triangles indicate increasing amount of expressed protein. (B) CD34+ bone marrow cells were isolated from normal donors, transduced with LV-FtMt and cultured for 21 days. After 14 and 21 days, cells were analyzed for morphology by May Grünwald Giemsa staining (MGG), for FtMt expression by immunocytochemistry (FtMt) and for apoptosis by a TUNEL assay (TUNEL). Representative samples at day 14. (C) Plots represent the apoptotic index of FtMt expressing (+FtMt) and non-expressing (−FtMt) cells, evaluated by a double immunocytochemistry technique, at day 14.
A large amount of FtMt has a pro-apoptotic effect, as shown by the decrease of Bcl-xL transcript. Although K562 is an apoptosis-resistant cellular model due to malignant outgrowth characteristics, the presence of caspase 3 proteolytic peptide revealed that the apoptosis pathway was triggered in the Mt8 clone. Interestingly, FtMt strongly promoted apoptosis when over-expressed in the primary CD34 cells, demonstrating that the presence of a high level of FtMt induced cellular death in erythroid progenitors. These data are in accordance with those of a previous study19 in which a correlation between cytochrome c and FtMt expression was observed in CD34 cells from RARS patients. Here we further studied the putative mechanism leading to apoptosis and found that it was apparently due to deregulation of Stat5 transcriptional activity, which was caused primarily by cytosolic iron deficiency.
The FtMt clones were representative of different cellular iron distribution in the cytosolic and mitochondrial compartments. These data confirmed the cytosolic iron depriving action of FtMt in erythroleukemia cells, as previously shown in epithelial HeLa cells.6,8 The different protein content in clones reveals a complex interplay between the Stat5 transcriptional effect and the cellular response to iron deprivation. Despite the fact that FtMt was able to reduce P-Stat5, the effect on the decrease of Stat5-dependent transcription was detectable only for the Bcl-xL gene, a gene unrelated to iron metabolism. At difference from the findings in Stat5−/− mice,26 no measurable decrease was observed in the genes involved in maintaining iron homeostasis, such as TfR1 and IRP1/2. Probably, the limited reduction of P-Stat5 obtained in our model, compared to the null expression in Stat5−/− mice, was not sufficient to determine a transcriptional effect on iron-related genes. In contrast, we detected a significant increase of TfR1 transcript levels in Mt4 and Mt8. This finding suggests that the effect of Stat5 on transcriptional regulation of TfR1 is overcome by the cytosolic iron starvation induced by FtMt. Cytosolic iron deprivation stimulates the IRE/IRP machinery with consequent inhibition of ferritin translation and greater stability of TfR1 mRNA. Hence, the Stat5 regulatory effect on TfR1 transcription appears to be prevented by cellular iron requirements.
Iron-burdened mitochondria are a characteristic of sider-oblasts, the hallmark of inherited and acquired sideroblastic anemias.35 In our Mt8 clone we succeeded in obtaining characteristics similar to those present in these diseases, as witnessed by dotted Perls’-positive staining. Electron microscopy and ESI/EELS localized these electron dense spots within the mitochondria and identified them as iron deposits, which occurred only if the FtMt was functional in iron incorporation. This finding strongly supports the conclusion that the presence of FtMt is sufficient to reproduce this hallmark of the disease. Interestingly, most cells were positive after incubation with Fe-Tf; however, only 12% were positive after addition of FAC. This observation supports data indicating that, at least in erythroleukemic cells, iron is preferentially delivered to mitochondria via TfR1 endocytosis.36
The high amount of FtMt in the Mt8 clone is most likely a non-physiological state; however, it can be found in pathological conditions such as XLSA and RARS, in which the protein is up-regulated.17 In patients with inherited XLSA, the presence of iron-overloaded mitochondria, which are usually observed in late erythroblasts, can be explained by the fact that iron cannot be used for heme synthesis due to metabolic defects. While iron accumulates in mitochondria in inherited XLSA, the cause of the anomalous mitochondrial iron deposition in RARS is still unknown. Considering that FtMt is expressed in CD34 cells of RARS patients,19 we suggest that its abnormal presence may trigger the pathogenic mechanism that leads to sideroblast formation (Online Supplementary Figure S2). The increased level of FtMt causes cytosolic iron starvation, which induces activation of the iron sensor IRP, which results in increased cellular iron uptake and leads to iron accumulation in mitochondria. Simultaneously, FtMt may stimulate apoptosis by reducing P-Stat5 and affect heme synthesis, sequestering iron at the mitochondrial level. This cascade of events may result in a decline of normal maturation of erythroblasts and promote the formation of sideroblasts (Online Supplementary Figure S2). According to this hypothesis, the initial event of sideroblast formation in RARS would result in the up-regulation of FtMt. Unfortunately, the regulation of the expression of this protein is far from clear. A previous report identified the FTMT gene as one of the genes that contain non-X-linked, bona fide promoter CpG islands, which are densely methylated in normal somatic tissues.37 This finding suggests that the regulation of FtMt expression may depend on epigenetic events. Interestingly, in the last years, it has been shown how abnormal epigenetic modulation may play a crucial role in the pathogenesis and biological evolution of myelodysplastic syndrome.38 The lack of gene silencing of FtMt, due to epigenetic alterations, may, therefore, be the key point in the development of myelodysplastic syndromes characterized by the presence of sideroblasts.
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Figure 4.Effect of FtMt expression on mitochondrial iron load and heme synthesis. (A) K562 Mt8 and MtΔfeox7 clones were grown for 6 days in the presence of 20 μM Fe-Tf and then stained for iron content with Perls’ reaction (left panels) or immunostained with an antibody specific for FtMt (right panels). The arrows point to granules positive for iron staining. (B) K562 cells and clones treated as in (A) were analyzed by electron microscopy. Upper panels show the controls, MtΔfeox7 and K562 cells, stained with uranyl and lead citrate. The second row shows a portion of Mt8 cells with a group of mitochondria stained with uranyl and lead citrate (left panel). The area selected in the white square is enlarged in the right panel, the arrows point to electrondense spots.
In conclusion, our data suggest that FtMt acts in different ways depending on its amount. In physiological conditions, the protein is expressed at a very low level13 and most likely does not alter iron homeostasis and P-Stat5, its role being limited to the regulation of ROS formation at a mitochondrial level. Indeed, the expression of FtMt is tightly regulated in normal tissues, probably because its antioxidant role is fundamental only in cells with high oxygen consumption. In contrast, when the expression of FtMt is high, the protein can acquire pathological effects. In particular, in erythroid progenitors the up-regulation of FtMt may interfere with either the JAK2/STAT5 regulatory pathway or heme synthesis, contributing to ineffective erythropoiesis.
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