Characterization of hepcidin response to holotransferrin in novel recombinant TfR1 HepG2 cells
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Abstract
Hepcidin is the key regulator of systemic iron homeostasis. The iron-sensing mechanisms and the role of intracellular iron in modulating hepatic hepcidin secretion are unclear. Therefore, we created a novel cell line, recombinant-TfR1 HepG2, expressing iron-response-element-independent TFRC mRNA to promote cellular iron-overload and examined the effect of excess holotransferrin (5 g/L) on cell-surface TfR1, iron content, hepcidin secretion and mRNA expressions of TFRC, HAMP, SLC40A1, HFE and TFR2. Results showed that the recombinant cells exceeded levels of cell-surface TfR1 in wild-type cells under basal (2.8-fold; p<0.03) and holotransferrin-supplemented conditions for 24 h and 48 h (4.4- and 7.5-fold, respectively; p<0.01). Also, these cells showed higher intracellular iron content than wild-type cells under basal (3-fold; p<0.03) and holotransferrin-supplemented conditions (6.6-fold at 4 h; p<0.01). However, hepcidin secretion was not higher than wild-type cells. Moreover, holotransferrin treatment to recombinant cells did not elevate HAMP responses compared to untreated or wild-type cells. In conclusion, increased intracellular iron content in recombinant cells did not increase hepcidin responses compared to wild-type cells, resembling hemochromatosis. Furthermore, TFR2 expression altered within 4 h of treatment, while HFE expression altered later at 24 h and 48 h, suggesting that TFR2 may function prior to HFE in HAMP regulation.
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Introduction 
Hepcidin, the 25-mer iron-hormone is secreted by the liver hepatocytes in response to increased systemic iron levels in the body (1,2). It binds to ferroportin, the iron-exporter protein on hepatocytes, duodenal enterocytes and splenic and liver macrophages (3–5) and causes intracellular degradation of both hepcidin and ferroportin (6). Hepcidin thus prevents iron efflux via ferroportin into the circulation and acts as the main regulator of systemic iron homeostasis. Accordingly, insufficient systemic hepcidin levels lead to elevated duodenal iron absorption and uncontrolled iron efflux into the circulation. This causes progressive iron accumulation in vital organs such as liver, pancreas and heart, eventually resulting in organ failure due to iron toxicity. These features are hallmarks of the iron-overload heredity hemochromatosis (7,8) and also observed in alcoholic liver disease (9,10).

The extracellular and intracellular iron-sensing mechanisms of hepatocytes that lead to hepcidin synthesis and secretion in response to circulatory iron are not clearly defined yet. In this context, previous studies suggested roles of plasma transferrin (Tf) and stored intracellular iron in the induction of HAMP, gene encoding hepcidin (11–13). In addition, intracellular iron was proposed to induce the maturation of pro-hepcidin into secretable bioactive hepcidin (14). However, its precise role in hepcidin peptide secretion has not been sufficiently studied. Alongside, although the proteins HFE and TFR2 on the hepatocytes are pivotal in HAMP induction (15), their mechanisms of action, whether independent or in conjunction, remain ambiguous (16–18). Collectively, the complete picture of hepcidin regulation and secretion in response to iron is yet to be fully elucidated. 

Hence, here, the effect of excess holo-Tf and the consequently altered intracellular iron content on hepcidin secretion (at peptide level) and synthesis (at mRNA level) was examined simultaneously. Since hepcidin is secreted predominantly by the hepatocytes, the liver–derived cell line, HepG2, was chosen for the study. Cellular iron-uptake is mediated by the cell-surface protein TfR1, which is regulated at the iron-response element (IRE) region on its mRNA via the IRE/iron-regulatory protein (IRP) system (19). Here, using wild-type (Wt) HepG2 cells, a novel recombinant HepG2 cell line was created that expressed IRE-independent TFRC mRNA to diminish sensitivity towards increasing intracellular iron content and allow intracellular iron overload. It was hypothesized that upon holo-Tf treatment, these recombinant (rec)-TfR1 HepG2 cells would demonstrate higher intracellular iron content and consequently, alter hepcidin peptide secretion and HAMP mRNA responses compared to Wt cells. Previous ex vivo studies investigated HAMP regulation only at longer time-points such as 24 hours (h), 48 h and 72 h (20–24). Here, we studied the effects of holo-Tf on hepcidin secretion for short-term i.e. at 30 minutes (min), 2 h and 4 h, in addition to long-term i.e. 24 h and 48 h, in conjunction with mRNA expression studies of key iron-related genes such as TFRC, HAMP, SCL40A1, HFE, and TFR2.

Materials and methods 
Cell culture
HepG2 cells (Health Protection Agency, UK) were maintained in Eagle’s Minimum Essential Medium (EMEM) (Sigma-Aldrich UK), 1 % non-essential amino acids (NEAA) (Sigma-Aldrich UK), 2 mM glutamax (Fisher Scientific International Inc. UK), 1 % antibiotic/antimycotic solution (Fisher Scientific International Inc. UK) and 10 % fetal calf serum (FCS) (Biosera, UK). Rec-TfR1 HepG2 cells expressing IRE-independent human TFRC mRNA were created (supplementary data-1) and maintained in 200 µg/mL hygromycin B (Invitrogen, UK) as a selection for exclusive growth of recombinant cells. TFRC-IRE mRNA response was explored by probing the mRNA (cDNA) of rec-TfR1 HepG2 cells and Wt HepG2 cells (as control) with the IRE-specific primers (GGTTGCTAAGAAGCGAGCAC and TGCTCCCGATAATGTGTTAGG). As an additional reference, the cDNA was probed with TFRC- specific primers (supplementary figures 1A -1B). Results showed diminished TFRC-IRE-specific amplification in the rec-TfR1 HepG2 cells (Fig.1A), indicating diminished IRE-related responsiveness, as desired for the study. Also, a HepG2 cell line with the unmodified plasmid vector [HepG2 (p) cells] was created for pre-iron-supplementation studies (supplementary data-2 and supplementary figures (2A-2C). 

Holo-Tf supplementation 
The iron saturation of holo-Tf and the iron content of the treatment medium 
were assessed (supplementary data-3 and supplementary figures 3A-3B). Cells were seeded at a density of 5 X 105 per well in a 6-well plate in maintenance medium (with and without hygromycin B for rec-TfR1 HepG2 cells and Wt cells, respectively) for 72 h. For the next 24 h, all cells were incubated in fresh hygromycin-free maintenance medium. Then, the cells were treated with 5 g/L holo-Tf prepared in serum-free EMEM (0 g/L) for the desired period and assessed for various parameters.  

Determination of intracellular iron content and assessment of mitochondrial activity
Cellular iron content determined by the ferrozine assay (25) was expressed as nmoles of iron per mg of protein, as quantified by the Bradford method. Mitochondrial activity was assessed by using the MTT assay (26). To compare the mitochondrial activity of cells in between different treatments, 2.5 X 104 cells were seeded per well of a 96 well plate in maintenance medium. The plate was incubated overnight at 37 ºC in a humidified atmosphere with 5 % CO2. The following day, the maintenance medium was removed and the cells were washed twice with warm PBS to remove traces of the maintenance medium. Treatment media were then added to each well and the plates were again incubated at 37 ºC in a humidified atmosphere with 5 % CO2. On completion of the treatment exposure period, the old media were replaced with 200 µL of fresh media per well. This was followed by addition of 5 µL per well of 5 mg/mL of MTT prepared in PBS. The plates were incubated at 37 °C for 2 h, the media were removed and 100 µL DMSO was added to each well. Plates were incubated at RT for 15 min, vortexed for 30 sec and absorbance was read at 550 nm using a spectrophotometer. The absorbance values of blanks (medium only) were subtracted from controls and treated samples. This assay was appropriate for our study because it measures the mitochondrial activity (26) and the mitochondrion is a major organelle for ROS production (27), especially under excess iron conditions (28,29). Thus, mitochondrial activity was chosen as a marker of cell/mitochondrial health over other markers.

Cell-surface TfR1 expression
Cells were harvested using TrypLE Express (ThermoFisher Scientific, UK), followed by centrifugation for 4 min at 89 x g. Cells were suspended in PBC (PBS containing 0.15 % BSA and 1 mM calcium chloride) and transferred to a 96-well plate (2 X 105 cells per well) and centrifuged at 1,260 x g for 30 sec. To each well, 20 µL of 16 mg/mL blocking IgG was added. Human TfR1 antibody (Abcam, UK) [5 µg/mL in PBC)] was added to each test well and PBC was added to the control wells. Cells were incubated for 45 min on ice. Following washing, the cells were incubated with 10 µg/mL of FITC-labeled secondary antibody STAR9B rabbit F (ab') 2 anti-mouse IgG (ABD Serotec, UK). After incubation for 30 min on ice, cells were washed with PBC again. Cell layer at the bottom of each well was suspended in 400 µL of PBS and TfR1 expression was analyzed by flow cytometry (30). For the gating of cells for flow cytometry, first, live cells were selected based on the forward and side scatter. On the selected cell population, the positive threshold was determined based on the staining results obtained in the absence of the TfR1 antibody (cells treated with secondary antibody only). This selected a cell population of TfR1 positive cells. Then, the position of the gate was kept fixed while assessing samples from Wt and rec-TfR1 HepG2 cells and samples from different treatment conditions for both the cell lines. This enabled relative comparisons between the cell types and in between treatments. 

Gene expression analysis
Primers (Invitrogen, UK) for expression analyses of the genes TFRC (NCBI accession no.NM_001128148.1), HAMP (NCBI accession no.AF309489.1) and GAPDH (NCBI accession no. NM_002046.4) were designed [Primer 3 (http://frodo.wi.mit.edu/)] (supplementary data-4). RNA was extracted using TRI reagent (Sigma-Aldrich, UK) and converted to cDNA using QuantiTect reverse transcription kit (Qiagen, UK), as per manufacturer’s protocol. Gene expression was analyzed through real-time PCR by using Quantifast SYBR green kit (Qiagen, UK) according to the manufacturer’s protocol. Real-time PCRs were carried out in the Rotor-gene Q machine (Qiagen, UK) and the results were analyzed through Rotor-gene software series 1.7.Data was analyzed by the relative quantification method, Delta-Delta Ct (∆∆Ct) and expressed as 2 -∆∆Ct (31).

Hepcidin peptide levels
The concentration of hepcidin peptide secreted in the cell media was measured by using a previously well-described immunoassay by Busbridge et al. (32). 




Statistical analysis
Data analysis was performed using one-way or two-way ANOVA, with post-hoc analysis by Tukey’s test using the software SPSS, version 22. The level of significance was set at p<0.05. Data was presented as mean ± SEM.

Results 
Characterization of novel rec-TfR1-HepG2 cells in basal conditions 
The rec-TfR1 HepG2 cells showed significantly higher TFRC mRNA expression (2.2-fold; p<0.03) and iron content than Wt cells (3-fold; p<0.03) (Fig.1A and 1B). However, hepcidin secretion levels were similar to the Wt cells (Fig.1C). These cells expressed substantially higher levels of SLC40A1 (8.8-fold; p<0.05), but did not significantly differ from the Wt HepG2 cells in mRNA expressions of HAMP, HFE and TFR2 (Fig.1D), whilst mitochondrial activity increased by 30 % (p<0.05) (Fig.1E). Under basal conditions, the rec-TfR1 HepG2 cells displayed significantly higher cell-surface TfR1 levels than Wt cells (2.8-fold; p<0.03) (Fig.2).

Rec-TfR1-HepG2 cells under holo-Tf-supplemented conditions 

Cell-surface TfR1 and TFRC mRNA expression: Following holo-Tf treatment, the Wt cells displayed a significant decrease in cell-surface TfR1 over time at 24 h (p<0.04), which further declined at 48 h (p<0.01) (Fig.2 and supplementary Fig.4). Conversely, the rec-TfR1 HepG2 cells maintained high levels following 24 h and 48 h of holo-Tf treatment and showed significantly higher levels than Wt cells at these times (p<0.01) (Fig.2 and supplementary Fig.4). The rec-TfR1 HepG2 cells showed no statistically significant difference in TfR1 levels under holo-Tf-treated and basal conditions (Fig.2). In addition, TFRC mRNA expression was assessed and compared to respective untreated (0 g/L) cells at each corresponding time-point. The Wt cells showed significantly decreased TFRC mRNA expression at 2 h (p<0.05), 4 h (p<0.05) and 24 h (p<0.05) (Fig.3). In contrast, rec-TfR1 HepG2 cells showed significant 3-fold elevations in TFRC mRNA expression at 2 h (p<0.05) and 24 h (p<0.02) (Fig.3). In the Wt HepG2 cells, decreased TFRC mRNA expression following holo-Tf treatment for 24 h and 48 h (Fig.3) correlated with decreased cell-surface TfR1 levels observed at these time-points (Fig.2). However, in rec-TfR1 HepG2 cells, the correlation was less clear. 

Intracellular iron levels: Upon holo-Tf treatment, the rec-TfR1 HepG2 cells showed higher intracellular iron content than Wt cells at 30 min (3.3-fold, p<0.03), 2 h (3.7-fold, p<0.01), 4 h (6.6-fold, p<0.01), 24 h (5.7-fold, p<0.01) and 48 h (2.2-fold, p<0.01) (Fig.4). Even under holo-Tf deprivation (0 g/L), the rec-TfR1 HepG2 cells showed higher intracellular iron content than Wt cells at 30 min (3.6-fold, p<0.01), 2 h (3.2-fold, p<0.01), 4 h (2.8-fold, p<0.01), 24 h (2.5-fold, p<0.01) and 48 h (1.9-fold, p<0.03) (Fig.4).
Over time, the Wt cells showed no major variation in intracellular iron content upon holo-Tf deprivation and treatment (Fig.4). In contrast, during short-term treatment, the rec-TfR1 HepG2 cells showed a pattern of increasing iron-uptake compared to respective untreated (0 g/L) cells at the same time-point i.e. no significant uptake at 30 min, a 1.4-fold increase at 2 h (p<0.02) and a 3.1-fold increase at 4 h (p<0.01) (Fig.4). Also, a 2.4-fold increase (p<0.01) in iron-uptake was observed at 24 h of holo-Tf treatment (Fig.4).   

Hepcidin peptide levels: Despite the substantially higher intracellular iron content in rec-TfR1 HepG2 cells (Fig.4), hepcidin secretion in these cells was not higher than Wt cells (Fig.5A and Fig.5B). However, both, Wt and rec-TfR1 HepG2 cells secreted significantly higher levels of hepcidin upon holo-Tf supplementation in comparison to their respective untreated (0 g/L) cells (Fig.5). For example, the Wt HepG2 cells 
showed significantly elevated hepcidin secretion at 2 h (p<0.02), 4 h (p<0.02), 24 h (p<0.02) and 48 h (p<0.02) (Fig.5A). Likewise, the rec-TfR1 HepG2 cells showed elevated hepcidin secretion at 30 min (p<0.05), 2 h (p<0.02), 4 h (p<0.02), 24 h (p<0.02) and 48 h (p<0.02) (Fig.5B). 
Upon holo-Tf deprivation (0 g/L), hepcidin peptide secretion gradually decreased over time in both, Wt and rec-TfR1 HepG2 cells (Fig.5); from 2 h to 24 h (1.6-fold; p<0.05), and further decreased at 48 h (2.2-fold; p<0.02) in Wt cells (Fig.5A) and from 30 min to 24 h (3.1-fold; p<0.04),and further decreased at 48 h (3.4-fold; p<0.03) in recombinant cells (Fig. 5B). 

Gene expression analyses: The mRNA expression of core iron-related genes were assessed and compared to respective untreated (0 g/L) cells at each corresponding time-point. In Wt cells, HAMP mRNA expression significantly increased at 4 h (2.2 fold; p<0.05) and 24 h (1.6 fold; p<0.02), whereas in rec-TfR1 HepG2 cells, it significantly increased only at 2 h (1.5-fold; p<0.02) (Fig.6A). While SLC40A1 mRNA expression remained unaltered in Wt cells (Fig.6B), in rec-TfR1 HepG2 cells, an unaltered response at 30 min, a 1.8-fold increase at 2 h (p<0.05) and a 3-fold increase at 4 h (p<0.05) was observed, followed by unchanged expression at 24 h and 48 h of holo-Tf treatment (Fig.6B). 
Both, Wt and rec-TfR1 HepG2 cells showed no change in HFE mRNA expression during short-term treatment (Fig.7A). However, it was down-regulated at 48 h (2.7-fold, p<0.05) in Wt cells and at 24 h (2.7-fold, p<0.05) in rec-TfR1 HepG2 cells (Fig.7A). In contrast, TFR2 mRNA expression remained unaltered at 24h and 48 h and altered earlier during short-term treatment in both, Wt and rec-TfR1 HepG2 cells (Fig.7B). However, the two cell types exhibited different TFR2 mRNA responses to treatment. In Wt cells, TFR2 mRNA expression was up-regulated at 30 min (2.3-fold, p<0.05), and later again at 4 h (2.9-fold, p<0.05), whereas in rec-TfR1 HepG2 cells, TFR2 mRNA expression was significantly reduced at 4 h (p<0.01), compared to untreated (0 g/L) cells (Fig.7B). Following 5 g/L treatment, there was no major alteration in mitochondrial activity except the 40 % increase in Wt cells at 48 h (p<0.05), compared to untreated (0 g/L) cells at the same time-point (Fig.8). 

Discussion
The liver-secreted iron-hormone hepcidin is the master regulator of systemic iron homeostasis in the body. However, the iron-sensing mechanisms in the hepatocytes are not fully understood. A role of intracellular iron in modulating hepcidin secretion (14) and HAMP mRNA expression (11–13) was suggested, but not fully elucidated. Accordingly, here, for the first time, novel rec-TfR1 HepG2 cells were created that expressed IRE-independent TFRC mRNA to diminish sensitivity towards high intracellular iron and to allow continuous iron-uptake upon holo-Tf supplementation. In these cells, the combined effect of excess extracellular holo-Tf and the subsequently increased intracellular iron on hepcidin secretion was examined over time for the first time, in conjunction with mRNA expression studies of key iron-related genes like TFRC, HAMP, SLC40A1, HFE and TFR2. The responses of this novel cell line were compared with those of the Wt cells. 

Deregulated cell-surface TfR1 and high iron content in recombinant cells 
Upon holo-Tf treatment, the Wt cells down-regulated cell-surface TfR1 levels over time (Fig.2). This was an anticipated response because the IRE-replete TFRC transcripts would sense increments in intracellular iron content via the IRE/IRP system and eventually decrease TfR1 protein expression on cell-surface to prevent further iron-uptake (33). Accordingly, and as expected, the Wt cells showed no major variation in intracellular iron content following holo-Tf treatment (Fig.4), resembling physiological conditions and other studies where 4.5 g/L of holo-Tf treatment for 48 h did not significantly increase iron content (34). 
In contract, the rec-TfR1 HepG2 cells displayed several fold higher cell-surface TfR1 than Wt cells under basal and prolonged holo-Tf-supplemented conditions (Fig.2), despite their several fold higher intracellular iron content than Wt cells (Fig.1B and Fig.4). Such an unexpected response could be because the recombinant TFRC construct in rec-TfR1 HepG2 cells was devoid of the IRE region and therefore independent from the IRE-mediated iron-regulatory mechanisms (35). This iron-insensitive feature was also reflected through up-regulated TFRC mRNA expression following holo-Tf treatment, unlike the Wt cells that showed down-regulated expression (Fig.3). In Wt cells, the reduced TFRC mRNA expression at 24 h (Fig.3) is consistent with the previously observed decrease following 2.5 g/L of holo-Tf treatment for 24 h (24). Thus, contrasting the Wt cells, rec-TfR1 HepG2 cells demonstrated constitutively elevated cell-surface TfR1regardless of excess extracellular holo-Tf and high intracellular iron content, as required for this study.

Both, Wt and rec-TfR1 HepG2 cells exceeded basal levels of hepcidin secretion upon holo-Tf treatment and decreased hepcidin levels over time upon holo-Tf deprivation (0 g/L) (Fig.5 and Fig.1C). This is similar to the human response where increased circulatory iron levels lead to increased circulatory hepcidin levels (1,36–38) and reduced hepcidin response prevails under iron deficiency (37,39). Interestingly, upon holo-Tf treatment, the Wt cells exceeded the basal level by 1.7-fold at 4 h and markedly reduced hepcidin secretion at 24 h (Figs.1C and 5). A similar pattern has been reported in humans where an oral dose of 65 mg of iron led to a 2-fold increase in hepcidin levels after 4 h and returned to baseline levels after 24 h (38).

The intracellular iron status of the cells is not only related to iron-uptake via TfR1 but also related to cellular iron efflux mediated by regulations in the iron-efflux gene SLC40A1.  Here, SLC40A1 expression remained unaltered in Wt HepG2 cells at all time points (Fig.6B). In the rec-TfR1 HepG2 cells, it was upregulated at the early contiguous time points (2 h and 4 h), but remained unaltered at the longer contiguous time points (24 h and 48 h). This difference in the responses between short-term and long-term treatments could be due to the presence of 5’ IREs on the SLC40A1 mRNA. These sense intracellular iron-increments in the rec-TfR1 HepG2 cells at a particular treatment time-point and resultantly increase expression to promote cellular iron-efflux (19).Thus, its expression would be determined by the intracellular iron status at a particular treatment time-point and therefore vary. 

Hepcidin levels and intracellular iron content 
The rec-TfR1 HepG2 cells demonstrated higher iron content than Wt cells under basal and holo-Tf-supplemented conditions (Fig.1B and Fig.4). However, hepcidin secretion in the rec-TfR1 HepG2 cells did not exceed the levels secreted by the Wt cells, in neither basal nor holo-Tf-supplemented conditions (Fig.1C and Fig.5).
Thus, here, hepcidin secretion did not alter in proportion to the increased intracellular iron levels in the rec-TfR1 HepG2 cells, compared to Wt cells. This suggests that possibly, the proposed post-translation maturation of pro-hepcidin to bioactive hepcidin (14) may well be mediated by intracellular iron levels, requiring only subtle amounts of iron-uptake to trigger the maturation of pro-hepcidin to secretable hepcidin. This was reflected in Wt cells, which, following holo-Tf treatment, exceeded basal hepcidin secretion levels (Fig.1C and Fig.5) without any major iron-uptake (Fig.4).

HAMP mRNA response to holo-Tf treatment in recombinant cells 
Following holo-Tf supplementation, although intracellular iron levels in rec-TfR1 HepG2 cells were substantially higher than Wt cells (Fig.4), HAMP mRNA responses did not proportionately exceed the responses of Wt cells (Fig.6A). In fact, the rec-TfR1 HepG2 cells showed an elevated response only at 2 h while the Wt cells showed elevated expression at 4 h and 24 h (Fig.7A). This could be due to several reasons. Firstly, excess cell-surface TfR1on rec-TfR1 HepG2 cells would have changed the native ratios of TfR1 with its hepcidin-inducing binding partners on the cell-surface, HFE and TFR2 (40,41). This may have caused the majority of the HFE to bind to TfR1, aiming to regulate iron-uptake (40,42), thereby limiting the availability of free HFE for HAMP induction (43), with or without TFR2 (16,17). Secondly, the down-regulated expression of TFR2 following holo-Tf treatment (Fig.7B) may have prevented HAMP up-regulation in rec-TfR1 HepG2 cells (Fig.6A). In contrast, the Wt cells showed significantly elevated TFR2 mRNA responses at 30 min and 4 h (Fig.7B) that matched the pattern of HAMP mRNA expression in these cells (Fig.6A). This reemphasizes and supports the role of TFR2 in modulating HAMP induction following holo-Tf stimulus (20,44). 

Unlike Tf, which is known to influence hepcidin expression (45), the relationship between TfR1 (membrane-bound or soluble) and hepcidin expression remains unclear. In this study, the presence of high levels of membrane-bound TfR1 on rec-TfR1 HepG2 cells did not correlate with HAMP mRNA expression or secretion (Fig.2, Fig.6A and Fig.5B). The high holo-Tf concentration (5 g/L) utilized provided the conditions for holo-Tf –TfR1 binding to occur, as demonstrated by the excess cellular iron-uptake by the rec-TfR1 HepG2 cells (Fig.4). Following holo-Tf treatment, these cells demonstrated up to 6.6-fold higher intracellular iron content than the Wt HepG2 cells and showed increased iron-uptake over a 4 h period (Fig.4). This suggests that any soluble TfR1 in the medium had not significantly affected the binding of holo-Tf with TfR1, else we would not expect to see increased iron uptake as observed in this study over the 4 h time period (Fig.4). The binding of holo-Tf with TfR1 would also lead to potential HAMP induction via the holo-Tf-TfR1 pathway. This reduced the probability that the diminished HAMP induction could be due to limited availability of holo-Tf, resulting from the probable binding of soluble TfR1 to holo-Tf in the medium.  Furthermore, increased circulating soluble TfR1 generally occurs in Iron Deficiency Anemia reviewed in (46,47). 

The BMP/SMAD, MAPK, IL6-JAK/STAT3, Matripase-2/HJV and hypoxia pathways are important in regulating HAMP mRNA expression (7,8) and investigation into these pathways would certainly lead to improved insights into hepcidin signaling. However, these pathways would highlight the transcriptional regulation of hepcidin and not hepcidin peptide secretion. The latter was the focus of this study, which was based on the previously proposed role of intracellular iron in the maturation of pro-hepcidin to release the bioactive 25-mer hepcidin (14). Accordingly, it was hypothesized that increased intracellular iron levels would cause more maturation of pro-hepcidin to secrete more hepcidin. Thus, the effect of excess intracellular iron (as in these iron-overloaded recombinant cells) on hepcidin peptide secretion was evaluated, which has not been sufficiently studied so far, rather than HAMP mRNA regulation, which has been extensively studied. Moreover, each of these signal transduction pathways is dynamic, involves several proteins and therefore each pathway accounts for an independent study on its own. This was beyond the scope of the present study, which prioritized hepcidin peptide secretion over regulation of HAMP transcription.

TFR2 and HFE mRNA expression in recombinant cells 
In both, Wt and rec-TfR1 HepG2 cells, HFE mRNA responses to holo-Tf treatment remained unchanged during short-term treatment and altered later at 24 h and 48 h (Fig.7A).The down-regulation in HFE mRNA expression at 24 h in the Wt cells is similar to that observed previously upon 4.5 g/L holo-Tf treatment (34). Unlike the HFE mRNA responses, TFR2 mRNA responses significantly altered during short-term treatment and remained unaltered at 24 h and 48 h in both the cell lines (Fig.7B). In the Wt cells, this was also observed in earlier studies where TFR2 mRNA expression remained unchanged after 24 h of 4 g/L holo-Tf treatment (20). Together, the data suggests that TFR2 may act prior to HFE in iron and hepcidin regulation, as also proposed earlier (20,38). 

Virtual hemochromatosis 
The rec-TfR1 HepG2 cells displayed several “hemochromatotic” characteristics such as hepcidin secretion disproportionate to iron-overload (Fig.5 and Fig.4), insufficient HAMP mRNA response upon holo-Tf stimulus (Fig.6A) (48), up-regulated SLC40A1 mRNA expression (Fig.6B) (38,49) and putative digression from the normal physiological ratio between TfR1 and HFE on the cell-surface (Fig.2). Thus, these cells may be described as “virtually hemochromatotic” as the cells displayed several “hemochromatotic” characteristics despite possessing the Wt alleles of the hepcidin-inducing genes (16,17,20), mutations in which cause hemochromatosis (7).

Conclusion 
The novel rec-TfR1 HepG2 cells showed constitutively over-expressed cell-surface TfR1 and higher intracellular iron content than Wt cells under basal and holo-Tf supplemented conditions. However, under the conditions studied this did not lead to higher hepcidin secretion levels compared to Wt cells, suggesting other regulatory mechanisms are involved. 
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Figure captions  
Fig.1 Basal iron-related cellular parameters in rec-TfR1 HepG2 cells 
Fig.2 Cell-surface expression of TfR1 following holo-Tf treatment 
Fig.3 mRNA expression of TFRC following holo-Tf treatment
Fig.4 Intracellular iron levels following holo-Tf treatment
Fig. 5 Hepcidin secretion following holo-Tf treatment
Fig.6 mRNA expression of HAMP and SLC40A1 following holo-Tf treatment 
Fig.7 mRNA expression of HFE and TFR2 following holo-Tf treatment 
Fig.8 Mitochondrial activity following holo-Tf treatment 








Figure Legends 
Fig 1. Rec-TfR1 HepG2 cells in basal conditions (10%FCS). 
(A) TFRC mRNA expression, (B) Intracellular iron content, (C) hepcidin peptide secretion, (D) mRNA expression of iron-related genes in rec-TfR1 HepG2 cells in comparison with Wt HepG2 cells and (E) relative mitochondrial activity and are shown. Data is presented as mean ± SEM (n=3). *p<0.05 and **p<0.03 compared to Wt HepG2 cells. 

Fig2. Effect of holo-Tf treatment on TfR1 cell-surface expression.
HepG2 cells were treated with 5 g/L holo-Tf up to 48 h and total cell-surface expression of TfR1 before treatment (basal conditions) and after treatment was studied by flow cytometry. (A-C) Representative images for each treatment for Wt HepG2 cellsand (D-F) rec-TfR1 HepG2 cells have been shown and the effect of treatment has been summarized in (G). Data is presented as mean ± SEM (n=3-6). *p<0.03 and**p<0.01 compared to Wt HepG2 cellsat the corresponding time-point; #p<0.04 compared to Wt HepG2 cellsin basal conditions; ##p<0.01 compared to Wt HepG2 cellsfollowing treatment at 24 h.

Fig 3. Effect of holo-Tf treatment on TFRC mRNA expression.
Upon 5 g/L holo-Tf treatment, mRNA expression of TFRC was assessed and expressed relative to respective untreated (0 g/L) cells at the corresponding time-point. Data is presented as mean ± SEM (n=3). *p<0.05, **p<0.02 compared to untreated (0 g/L) cells at the corresponding time-point.

Fig 4. Effect of holo-Tf treatment on iron-uptake.
Intracellular iron levels were measured following holo-Tf deprivation and treatment. Data is presented as mean ± SEM (n=3-6). *p<0.03, **p<0.01 compared to Wt HepG2 cells at the corresponding time-point and #p<0.02,##p<0.01 compared to untreated (0 g/L) rec-TfR1 cells at the corresponding time-point. 

Fig 5. Effect of holo-Tf treatment on hepcidin peptide secretion.
Levels of secreted hepcidin were measured following holo-Tf treatment and deprivation in wt HepG2 cells (A) and rec-TfR1HepG2 cells (B). Data is presented as mean ± SEM (n=3-6). *p<0.05, **p<0.02 compared to respective untreated (0 g/L) cells at the corresponding time-point; #p<0.05,##p<0.02 compared to 2 h of 0 g/L treatment in Wt HepG2 cells; ^p<0.04, ^^p<0.03  compared to 30 min of 0 g/L treatment in rec-TfR1 HepG2 cells. 

Fig 6. Effect of holo-Tf treatment on HAMP and SLC40A1 mRNA expression.
Upon 5 g/L holo-Tf treatment, mRNA expression of (A) HAMP and (B)SLC40A1in the HepG2 cells was assessed and expressed relative to respective untreated (0 g/L) cells at the corresponding time-point. Data is presented as mean ± SEM (n=3). *p<0.05, **p<0.02 compared to untreated (0 g/L) cells at the corresponding time-point.

Fig 7. Effect of holo-Tf treatment on HFE and TFR2 mRNA expression.
Upon 5 g/L holo-Tf treatment, mRNA expression of (A)HFE and(B)TFR2 in the HepG2 cells was assessed and expressed relative to respective untreated (0g/L) cells at the corresponding time-point. Data is presented as mean ± SEM (n=3). *p<0.05 compared to untreated (0 g/L) cells at the corresponding time-point.

Fig 8. Effect of holo-Tf treatment on mitochondrial activity.
Following 5 g/L holo-Tf treatment, mitochondrial activity of HepG2 cells was assessed and expressed in comparison to untreated (0 g/L) cells at the corresponding time-point. Data is presented as mean ± SEM (n=3-6). *p<0.05 compared to Wt HepG2 cells. 
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Revised supplementary information 

Supplementary data-1: Creation of recombinant–TfR1 HepG2 cells 
Principally, the protein coding region of human TFRC devoid of its IRE region was cloned into the plasmid vector pCEP4 (Invitrogen-Life technologies, UK) and transfected into Wt HepG2 cells, resultantly giving rise to the rec-TfR1 HepG2 cells. Briefly, the primers (Invitrogen-Life technologies, UK) TfR1F (TGATATATGCGGCCGCACCATGGATCAAGCTAGATCAGCATTCTC) incorporating a NotI site and a Kozak sequence and TfR1R (GCGCGCGGATCCTTATTAAAACTCATTGTC AATGTCCCAAACGTC) incorporating a BamHI site were used for PCR amplification of the specific section of full length TFRC gene from human MGC verified cDNA (clone ID 3354176, Invitrogen-Life technologies, UK). PCR was carried out with KOD DNA hot start polymerase mix (Novagen, UK) as follows: Initial denaturation at 95 ºC for 3 min, then 30 cycles of denaturation at 95 ºC for 30 sec, annealing at 58 ºC for 1 min and extension at 72 ºC for 1 min, followed by a final extension at 72 ºC for 5 min. The PCR product was gel extracted and purified by using PCR product purification kit (Qiagen, UK), then cut with HF-NotI/HF-BamH1 (New England Biolabs, UK) and ligated into HF-NotI/BamHI cut and phosphatased pCEP4. The ligation mixture was used to transform Escherichia coli KRX cells (Promega Ltd, UK) and colonies were selected on Luria-Bertani medium containing 100 µg/mL ampicillin (Sigma-Aldrich UK). Recombinant plasmid from one colony was sequenced to confirm the presence of the TFRC gene. HepG2 cells were transfected with recombinant pCEP4 by using X-tremeGENE-9 DNA transfection reagent (Roche,UK) as per manufacturer’s protocol. 
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Supplementary Fig 1. TFRC-IRE responses in rec-TfR1 HepG2 cells 
Following holo-Tf treatments, the rec-TfR1 HepG2 (A) and Wt HepG2 cells (B) were probed with TFRC-specific and IRE-specific (TFRC-IRE) primers and the expressions were measured, as explained in the methods. Data is presented as mean ± SEM (n=3). *p <=0.05 and **p <0.01 compared to untreated cells (0 g/L) at the same time-point.

Supplementary data-2-Pre-iron supplementation studies 
A HepG2 cell line with the unmodified plasmid vector was created for reference and referred to as HepG2 (p) cells. Study of the main iron-related parameters in the HepG2 (p) cells showed no difference from the Wt HepG2 cells (supplementary Fig.2). For example, similarities with the Wt HepG2 cells were observed in cell-surface TfR1 levels under basal conditions (supplementary Fig.2A) and following iron-supplementation over time (supplementary Fig.2B). Moreover, following holo-Tf treatment, hepcidin peptide levels in the HepG2 (p) cells matched levels in the Wt HepG2 cells (supplementary Fig.2C). In addition, intracellular iron levels in the HepG2 (p) cells were similar to Wt HepG2 cells under basal conditions over time (4.7 to 6 nmoles/ mg protein) and upon holo-Tf treatment (6.5 nmoles/ mg protein). The relative mitochondrial activity was either 90-95 % similar or showed no difference from the Wt HepG2 cells (data not shown for brevity). Thus, further parameters in HepG2 (p) cells were not studied and subsequent studies were conducted using Wt HepG2 cells as reference to enable comparison with other groups that have also used Wt HepG2 cells for iron supplementation studies. 
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Supplementary Fig 2. Cell-surface TfR1 and hepcidin expression in HepG2 (p) cells.
(A) Cell-surface TfR1 expression in HepG2 (p) cells in comparison to Wt HepG2 cells under basal conditions and (B) following  5 g/L holo-Tf  treatment are shown. (C) Hepcidin peptide secreted by Wt HepG2 and HepG2 (p) cells under basal conditions and following holo-Tf treatment were measured. Data is presented as mean ± SEM (n=3). *p <0.03 compared to basal conditions and #p=0.05 compared to 24 h of 5 g/L treatment in HepG2 (p) cells.

Supplementary data-3- Assessment of iron saturation and iron content in treatment medium 
Holo-Tf was prepared by iron–loading apo-Tf using 0.1 M stock solution of ferric citrate, at a final molar concentration equal to twice the transferrin molar concentration. The iron-saturation in 5 g/L holo-Tf was assessed by PAGE on 6 M urea gel, as per Evans et al., (1978). Data suggested that 90 % of the protein was diferric (supplementary Fig. 2A). Iron content in 5 g/L holo-Tf medium was determined by the ferrozine assay, as per Reimer et al., (2004), which was 93 % of the expected iron molarity in the holo-Tf preparation (supplementary Fig.2B).
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Supplementary Fig. 3. Determination of iron saturation and iron concentration of treatment medium.
(A) Iron content in iron-loaded transferrin was determined by 6 M urea PAGE. Lane 1: apo-transferrin; lane 2: 5 g/L holotransferrin. The three species of iron-transferrin, C-and N-monoferric transferrin and holotransferrin can be observed with a major proportion of holotransferrin. (B) Measurement of iron concentration in treatment medium confirmed iron concentration of expected morality. 0 g/L corresponds to serum-free and holo-Tf-free maintenance medium, whereas 5 g/L corresponds to serum-free maintenance medium supplemented with  5 g/L holo-Tf. Data is presented as mean ± SEM (n=3).

Supplementary data-4- Primers 
The primers used for RTPCR were AAAATCCGGTGTAGGCACAG (F) and TTAAATGCAGGGACGAAAGG  (R)  for TFRC (Mehta et al., 2015), ACAGCCAGACAGACGGCACGA (F)  and TTCGCCTCTGGAACATGGGCATC (R)  for  HAMP, GCCAAAAGGGTCATCATCTC (F)  and GGTGCTAAGCAGTTGGTGGT (R)  for GAPDH, TGTTTCTGGTAGAGCTCTAT (F) and GATATAGCAGGAAGTGAGAA (R)  for SLC40A1 (Jacolot et al., 2008), TGATCTGGGAGCCCTCACC (F) and GACGACAAAAACAGCAATTCC (R) for HFE (Jacolot et al., 2008), TATACTCCTGGAGCTGGTGC (F) and GCACGCTGAGGTAGCCCTCTA (R) for TFR2 (Rapisarda et al., 2010). Prior to expression analysis, PCRs using cDNA templates were performed by using Taq PCR master mix (Qiagen, UK) as per manufacturer’s instruction. The amplicons were sequenced at Wolfson Institute for Biomedical Research (University College London, UK) to confirm product identity.
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Supplementary Fig 4. Cell-surface TfR1 in rec-TfR1 HepG2 cells 
Cell-surface TfR1 expression were assessed by flow cytometry, as explained in the methods. Representative images of Wt HepG2 cells (panel A) and rec-TfR1 HepG2 cells (panel B) following different treatments are shown. 
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Time 

nmoles Fe/mg protein 


Wt HepG2 cells	1.3472193585307464	0.20816659994662104	0.6173419725817485	0.56862407030772966	0.29059326290271292	0.44907311951024581	0.28577380332470786	0.73639512340711988	0.23333333333333464	0.59521238039691571	1	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	5.1499999999999995	7.8999999999999995	4.5333333333333918	8.4	2.7333333333333352	8.5500000000000007	2.65	6.0166666666666684	1.9666666666666681	5.6166666666666663	30 min                   2 h                       4 h                       24 h                    48 h                                                                  		             Time    

Hepcidin secretion ng/mL



Rec-TfR1 HepG2 cells	0.7688375063113928	0.71724782637834283	0.44907311951024831	0.13333333333334391	0.43333333333333446	0.20412414523193154	0.33333333333333381	0.3332142644481868	0.14529663145135768	0.76285283275639415	1	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	3.8333333333333335	6.8666666666666671	3.9499999999999997	7.9666666666666694	3.0666666666666664	8.15	1.2333333333333332	4.9249999999999945	1.0666666666666667	7.3666666666666663	30 min                   2 h                       4 h                       24 h                    48 h                                                                  		             Time    

Hepcidin secretion ng/mL



Wt HepG2 HAMP mRNA	0.52664508631080753	1.2591231028166415E-2	0.12020610332390175	3.1481171436201452E-2	0.17110057074462567	0 g/L 	5 g/L	0 g/L 	5 g/L	0 g/L 	5 g/L	0 g/L 	5 g/L	0 g/L 	5 g/L	1	2.1289352060551656	1	0.8900037156820908	1	2.1651184185772836	1	1.610183715064367	1	0.543732814216764	Rec-TfR1 HepG2 HAMP mRNA	0	0.23543308090695694	0	0.11940567900414613	0	0.48526140884590685	0	0.25	0	0.23	1	0.99328899817500149	1	1.4991395125649636	1	0.99859423835721939	1	0.71000000000000063	1	0.56000000000000005	30 min                   2 h                        4 h                        24 h                     48 h 
            		              Time

2 -∆∆Ct



Wt HepG2 SLC40A1 mRNA	5.9713403336373927E-2	4.2757572751586113E-2	0.31797642837030216	0.48000000000000032	0.46650000000000008	0 g/L 	5 g/L	0 g/L 	5 g/L	0 g/L 	5 g/L	0 g/L 	5 g/L	0 g/L 	5 g/L	1	0.5949366471314862	1	0.82499755657978524	1	0.78735437983346357	1	1.2	1	0.9	Rec-TfR1 HepG2 SLC40A mRNA	5.9713403336373927E-2	4.2757572751586113E-2	0.31797642837030216	0.2	0.46	1	0.75956399610720216	1	1.8136988651329558	1	2.9741456611449197	1	0.88	1	1.06	30 min                    2 h                      4 h                    24 h                      48 h 
            		              Time

2 -∆∆Ct





Wt HepG2 HFE mRNA	8.1523955241580723E-2	0.14175144433880341	0.14321485989491844	0.29800000000000032	0.13700000000000001	0 g/L 	5 g/L	0 g/L 	5 g/L	0 g/L 	5 g/L	0 g/L 	5 g/L	0 g/L 	5 g/L	1	0.95852798644367165	1	0.87068573676535665	1	1.0122054631383941	1	0.99	1	0.38000000000000667	Rec-TfR1 HepG2 HFE mRNA	0.11672809446444649	0.1303014857581542	0.16343282440166929	0.2	4.7000000000000014E-2	1	0.97156772397575042	1	0.955122560171908	1	0.90237154109285556	1	0.37000000000000038	1	1.37	30 min                  2 h                       4 h                      24 h                     48 h 
            		            Time   

2 -∆∆Ct



Wt HepG2 TFR2 mRNA	0.2521283319402699	0.12292628844677521	0.29326198237998036	0.21017846434429391	0.27100000000000002	0 g/L	5 g/L 	0g/L 	5 g/L 	0g/L 	5 g/L 	0g/L 	5 g/L 	0g/L 	5 g/L 	1	2.3180562302804577	1	1.0326373735390939	1	2.8673959279945156	1	0.8330927363826226	1	1	Rec-TfR1 HepG2 TFR2 mRNA	0.42656650056675782	0.11120622237582869	2.9625033729661812E-2	0.50198373436801569	0	0.27895767556405626	0 g/L	5 g/L 	0g/L 	5 g/L 	0g/L 	5 g/L 	0g/L 	5 g/L 	0g/L 	5 g/L 	1	1.6018899471214338	1	0.70765264979675058	1	0.28659908216900781	1	0.92835868686597145	1	0.53159396030988104	30 min                  2 h                      4 h                       24 h                   48 h         
 Time   

2-∆∆Ct



Wt HepG2 cells 	3.0000000000000002E-2	0.05	2.0000000000000011E-2	0.2	0.1	1	0 g/L 	5 g/L 	0 g/L 	5 g/L 	0 g/L 	5 g/L 	0 g/L 	5 g/L 	0 g/L 	5 g/L 	1	1.1000000000000001	1	1.2	1	0.9	1	1.2	1	1.4	Rec-TfR1 HepG2 cells	1.0000000000000005E-2	1.0000000000000005E-2	2.0000000000000011E-2	0.05	8.0000000000000043E-2	1	1	0.97000000000000064	1	1.24	1	1.03	1	0.75880000000001424	1	0.8617000000000129	30 min                 2 h                      4 h                     24 h                    48 h 
 Time 

Relative mitochondrial activity 


TFRC	0	0.1432215464334777	0	4.1446085886859482E-2	0	0.10968590660932458	0.24176321678585624	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	1	1.6907865399758681	1	3.2550403914876607	1	0.25129639227129924	TFRC-IRE	0	0.33000000000000046	0	0.12000000000000002	0	0.22	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	1	0.47631899902196934	1	0.18000000000000016	1	0.18160227181760891	     6 h                      24 h                 48 h 
 Treatment to rec-TfR1 HepG2 cells 

2 -ΔΔCt



TFRC	0	0.11756919522089725	0	0.13656433108423524	0	6.5380308737033169E-2	1	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	1	1.0324569549698461	1	0.22358488437370339	1	6.5380308737033169E-2	TFRC-IRE	0	0.30755576344814595	0	0.52679455198403213	0	0.20533880903490764	1	0 g/L	5 g/L	0 g/L	5 g/L	0 g/L	5 g/L	1	0.89755576344814592	1	0.13869618400848091	1	9.2461719328052444E-2	      6 h                   24 h                   48 h 
         Treatment to Wt HepG2 cells 

2 -ΔΔCt



0	0.2556469252835214	0.18872327123760221	0	0.2556469252835214	0.18872327123760221	Wt HepG2 cells	HepG2 (p) cells	1	1.492501414827391	Basal conditions 

Relative expression of cell surface TfR1


Wt HepG2 cells	0	4.4950931752299514E-2	9.0639369948101067E-2	0	4.4950931752299514E-2	9.0639369948101067E-2	Basal conditions	24 h (5 g/L)	48 h (5 g/L)	1	0.79	0.45	HepG2 (p) cells	0	8.7082358645505939E-2	0.16626392046677144	0	8.7082358645505939E-2	0.16626392046677144	1	0.9	0.44	Time 

Relative expression of cell surface TfR1

Wt HepG2 cells	0.15000000000000024	0.2	0.60000000000000064	0.9	0.8	0.8	0.15000000000000024	0.2	0.60000000000000064	0.9	0.8	0.8	Basal 	30 min	2 h	4 h	24 h 	48 h 	5.0999999999999996	7.8999999999999995	8.4	8.6	6	5.6	HepG2 (p) cells	0.2	0.5	0.1	0.56000000000000005	0.750000000000003	0.78	0.2	0.5	0.1	0.56000000000000005	0.750000000000003	0.78	Basal 	30 min	2 h	4 h	24 h 	48 h 	5.7	7.166666666666667	7.8000000000000007	7.2	7.6	6.4	               Time following 5 g/L holo-Tf treatment  

Hepcidin ng/mL



0	1.9377908383861581E-2	0	0	1.9377908383861581E-2	0	0 g/L 	5 g/L 	0	117.85802469135812	Treatment media 

µM  iron 
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