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25Iron is an essential nutrient which must be provided in sufficient amounts to support growth of eukaryotic cells.
26All organisms devote specialized pathways to ensure proper delivery. Yet, a quantitative assessment of the
27intra-cellular iron concentration needed to allow the cell cycle to proceed inmammalian cells ismissing. Starting
28from iron-depleted cell lines or primary hematopoietic progenitors prepared with clinically implemented iron
29chelators, replenishment via transferrin and other iron sources has been quantitatively monitored through the
30main endogenous markers of the cellular iron status, namely proteins involved in the uptake (transferrin
31receptor), the storage (ferritin), and the sensing (Iron Regulatory Proteins) of iron. When correlated with
32measurements of iron concentrations and indicators of growth, this minimally intrusive approach provided an
33unprecedented estimate of the intracellular iron concentration acting upon iron-centered regulatory pathways.
34The data were analyzed with the help of a previously developed theoretical treatment of cellular iron regulation.
35Theminimal cellular iron concentration required for cell divisionwas named functional iron concentration (FIC) to
36distinguish it from previous estimates of the cellular labile iron. The FIC falls in the low nanomolar range for all
37studied cells, including hematopoietic progenitors. These data shed new light on basic aspects of cellular iron
38homeostasis by demonstrating that sensing and regulation of iron occur well below the concentrations requiring
39storage or becoming noxious in pathological conditions. The quantitative assessment provided here is relevant
40for monitoring treatments of conditions in which iron provision must be controlled to avoid unwanted cellular
41proliferation.
42© 2015 Published by Elsevier B.V.

4344

45

46

47 1. Introduction

48 Iron is required to maintain viability and to support growth of
49 almost all kinds of cells. In eukaryotes, it is abundantly present in the
50 electron-transfer centers of the mitochondrial respiratory chain, for

51instance, and, more generally, it participates at the active sites of a
52myriad of proteins and enzymes. Consequently, iron is mandatory for
53cellular proliferation [1], and iron removal from the growth medium
54generally stops the cell cycle at the G1/S transition. One contributing
55factor to this blockade is the iron-dependent enzyme ribonucleotide re-
56ductase, which relies on a subunit containing a tyrosyl-di-iron cofactor
57[2]. The arrest of the cell cycle induced by iron chelators justifies consid-
58ering these compounds as anti-neoplastic agents [3].
59In metazoans, the most iron demanding pathway is erythropoiesis
60since iron is the anchoring site of oxygen in hemoglobin, a protein sup-
61plying oxygen to tissues. Iron-deficient individuals suffer from anemia,
62in which not enough iron is incorporated into nascent hemoglobin
63andwhich is themostwidespread single nutrient deficiencyworldwide
64[4,5]. Iron provision for hematopoiesis is delivered by transferrin (Tf), a
65circulating glycoprotein which can be easily measured together with its
66iron load to gauge the iron status. Although the critical levels of this
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67 useful biomarker have been set a long time ago, it remains unclear how
68 much Tf-delivered iron is needed to support proliferation of cells that
69 must divide to maintain homeostasis or to fulfill specific functions.
70 Throughout hematopoiesis, cells must properly handle iron according
71 to the specific requirements of the different stages, from renewal of
72 stem cells to full differentiation of specialized blood components [6].
73 Cells need to maintain the proper level of iron availability, and this
74 requirement is challenged in transfusion-induced iron overload or,
75 conversely, by neoplasm-triggered large iron consumption. The former
76 situation occurs in cases of thalassemia [7] and myelodysplastic
77 syndromes [8], for instance. The latter applies to cancer cells in general,
78 acute myeloid leukemia clones in particular, for which ample iron
79 provision is needed to support growth, particularly in the blast crisis.
80 The pivotal role of iron in such circumstances has recently been clearly
81 evidenced by the redirection of proliferating blasts into the monocyte
82 lineage with a treatment including iron chelation [9–11].
83 To clarify conditions underwhich cell proliferation occurs, the quan-
84 titative iron needs of model cell lines and of hematological progenitors
85 for amplification have been evaluatedherein. The implemented integra-
86 tive approachminimally perturbed cells, and it allowed us to show that
87 proliferation is supported by smaller amounts of iron than assumed
88 before.With the help of a recently developed theoretical model of cellu-
89 lar iron homeostasis, these data should help understand the role of iron
90 deregulation in a wealth of pathological conditions, and they will have
91 to be considered for a better implementation of the therapeutic
92 strategies targeting iron-dependent pathways.

93 2. Materials and methods

94 2.1. Reagents

95 All reagents were obtained from Sigma-Aldrich unless stated other-
96 wise. Human holo-transferrin (i.e. iron-loaded transferrin, Sigma
97 T4132) was iron saturated with 2 Fe atoms/molecule. The iron content
98 of human apo-transferrin (apo-Tf), i.e. the protein devoid of iron, was
99 measured by inductively coupled plasma-mass spectrometry at less
100 than 0.025 iron atom/transferrin molecule. Recombinant human Iron
101 Regulatory Proteins (IRP) 1 and 2 were obtained as previously detailed
102 [12,13].

103 2.2. Cell lines

104 The cell lines used in the present study originated from the ATCC
105 biological resource. The human myeloid leukemia KG1 and K562 cells
106 were grown in RPMI-1640 medium, supplemented with 10% fetal
107 bovine serum (Biowest, origin: South America, batch containing
108 1.7 mg of iron/l), 1% L-glutamine, 100 U of penicillin/ml and 0.1 mg
109 steptomycin/ml at 37 °C with 5% CO2. As a rapidly growing cell model
110 significantly different from the above cell lines, HeLa cells were routine-
111 ly maintained in Dulbecco's modified Eagle medium (DMEM) supple-
112 mented as above for leukemic cell lines. The iron-containing DMEM
113 was replaced by RPMI after iron depletion for direct comparison of the
114 iron-requirements of the HeLa cells as compared to the other cells
115 used in this work.

116 2.3. Purification of CD34+ progenitors

117 CD34+ cells were obtained from cord blood after Ficoll-Hypaque
118 (Abcys - Eurobio) density gradient separation and they were isolated
119 by two steps of immunomagnetic separation (Miltenyi Biotech), on
120 large then medium size columns, successively. Cord blood procedures
121 were approved by the French Blood Service's Institutional Review
122 Board, and samples were obtained from healthy donors who gave
123 informed consent.

1242.4. Iron depletion and proliferation assay for cell lines

125After routinemaintenance in richmedia, cell lines were handled in a
126minimal medium composed of RPMI-1640, 1% treated (see below) bo-
127vine serum albumin (BSA), 30 nM sodium selenite, 1% L-glutamine,
128100 U of penicillin/ml and 0.1 mg steptomycin/ml at 37 °C in 5% CO2.
129In the case of HeLa cells, the minimal medium was used after adhesion
130in the conventional rich medium. To remove as much iron as possible,
131theBSApowderwasdissolved in 10mMHEPES buffer pH7.3 containing
1325mM EDTA before dialysis with successive baths of distilledwater until
133reaching an EDTA concentration below 1 nM. Beforehand, distilled
134water was filtered through Chelex cation exchange resin (BioRad). The
135BSA concentration was estimated by spectrophotometry at 280 nm
136(ε = 39,600 M−1 cm−1).
137Cells were seeded at 5 × 105 cell/ml in minimal medium without
138added iron or Tf, and the chelating agent was added for 24 h. Deferox-
139amine mesylate salt was used at 200 μM and deferiprone at 500 μM.
140The depletion medium was replaced by the minimal medium supple-
141mented with the wanted source of iron. Cells were further kept for
14224 h, which is the optimum duration to measure growth at low iron
143concentrations before cell death, and the cells were then processed.
144Viable cells were determined by Trypan blue staining and quantified
145with a Luna™ counter (Logos).

1462.5. Amplification, iron depletion, and proliferation assay for CD34 cells

147A synthetic minimal mediumwas used to control iron supply. It was
148composed of Iscove's Modified Dulbecco's Medium (IMDM, Life Tech-
149nologies), 1% iron-depleted albumin (as described above), 200 μg/ml
150insulin, 0.1 mM β-mercaptoethanol and the StemMACS HSC expansion
151cocktail (TPO/FLT3/SCF - Miltenyi Biotech) at 37 °C in 5% CO2. Freshly
152isolated CD34+ cells were seeded at 1 × 105 cells/ml and amplified
153for three days in the above minimal medium supplemented with
1541.25 μM holo-Tf. Iron depletion and further experiments were carried
155out in the same medium in which the iron source was precisely
156monitored. Viable cells were determined by Trypan blue staining in
157Neubauer slides.

1582.6. Cell cycle assays

159Cells were rinsed and suspended at 3 × 106 cells/ml in Phosphate
160Buffered Saline (PBS) solution. They were fixed by slowly adding cold
161ethanol up to 50% (v:v) with thorough mixing. The suspension was
162left at 4 °C for one hour, the cells were centrifuged, washed with cold
163PBS, and suspended in PBS (4 × 106 cells/ml). RNA were degraded by
1640.5mg/ml RNAse A (Thermo Scientific) at 37 °C for 1 h, and cells were la-
165beled by 10 μg/ml propidium iodide. The fluorescence was measured by
166flow cytometry with the LSR Fortessa™ cell analyzer (Becton Dickinson)
167using the 488 nm sapphire laser. The data were analyzedwith theModfit
168LT v3.2 software (Verity Software House).

1692.7. Iron measurements

170Iron concentrationswere determinedby Inductively Coupled Plasma-
171Mass Spectrometry (ICP-MS) using a XSERIES 2 analyzer (Thermo
172Scientific). Cellular pellets were suspended at 4000–8000 cells/μl of
173water. The volume corresponding to 8 × 105 cells was diluted (1:25)
174and mixed (1:1 v/v) with 1% nitric acid before analysis. Raw results
175were converted to cell associated concentrations by considering the
176estimated volumes of KG1 and K562 cells, 0.8 and 2.5 pL, respectively,
177in agreement with previously published values for the latter [14].
178Gallium was used as internal standard. For iron measurements in the
179growth media, 100 μl were directly treated with acid before analysis.
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