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Modulation of iron metabolism by iron chelation
regulates intracellular calcium and increases sensitivity to
doxorubicin
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ABSTRACT

Increased intracellular iron levels can both promote cell proliferation and death, as such; iron has a “two-sided effect” in the delicate balance of
human health. Though the role of iron in the development of cancer remains unclear, investigations of iron chelators as anti-tumor agents have
revealed promising results. Here, we investigated the influence of iron and desferrioxamine (DFO), the iron chelating agent on intracellular
calcium in a human leukemia cell line, K562. Iron uptake is associated with increased reactive oxygen species (ROS) generation. Therefore,
we showed that iron also caused dose-dependent ROS generation in K562 cells. The measurement of intracellular calcium was determined
using Furo-2 with a fluorescence spectrophotometer. The iron delivery process to the cytoplasmic iron pool was examined by monitoring the
fluorescence of cells loaded with calcein-acetoxymethyl. Our data showed that iron increased intracellular calcium, and this response was
8 times higher when cells were incubated with DFO. K562 cells with DFO caused a 3.5 times increase of intracellular calcium in the presence

of doxorubicin (DOX). In conclusion, DFO induces intracellular calcium and increases their sensitivity to DOX, a chemotherapeutic agent.
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INTRODUCTION cycling, and some important enzymes [3]. Iron overload in the
human body can thereby lead to cell death and tissue damage by

Calcium ion (Ca*) is referred as a universal signaling mol- iron-catalyzed Fenton chemistry [4]. Cellular iron metabolism

ecule and known to regulate many aspects of cellular function,  and its epigenetic regulation are well-balanced and tightly con-
of which apoptotic signaling pathways are some of the most  trolled in normal cells [5]. However, iron is involved in a redox
important [1]. Calcium stores are mobilized by some agents,  reaction, oxidation-reduction reactions, and causes the forma-
including the endoplasmic reticulum (ER) Ca*>~ATPase inhib-  tion of free radicals [6-8]. Therefore, iron considerably contrib-
itor thapsigargin (TG), glucocorticoids, and various cancer  utes to the onset and growth of cancer. Torti and Torti showed
therapeutic drugs, and early transient elevation of intracellu-  that iron has an effective role in the microenvironmental reg-
lar free calcium ([Ca*]i) triggers to apoptosis. Although the  ulation of tumor progression and metastasis [8]. Changing the
pharmacology of most chemotherapy is still effective on them,  pathways of iron uptake, storage, efflux, and metabolic regula-

the therapeutic success in cancer treatment today is to trig-  tion in cancer cells shows us that reprogramming of iron metab-
ger tumor-specific cell death. Intracellular calciumsignals may  olism is an important target for the viability of cancer cells [8].
have a major effect on the initiation of cell death. An intracel- Targeted studies on the metabolic pathways of iron may
lular calcium concentration overload and a disturbance in cal- provide new tools for prognosis and treatment of cancer [9]. In
cium homeostasis may cause cytotoxicity and consequently  the previous studies, it has been reported that effect of chelat-
also trigger apoptosis [1]. ing agents on iron metabolism as anti-tumor agents in cancer
Itis well-known that iron is involved in many metabolic pro- - cells [9,10]. This anti-tumor effect is associated with G1/S cell

cesses in cells such as synthesis of hemoglobinand DNA [2], cell ¢y cle arrest, induction of apoptosis [10,11], initiation of DNA

damage and inhibition of DNA synthesis. Desferrioxamine
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In this study, we hypothesized that in addition to the
well-investigated molecular mechanisms for iron and the
action of an iron chelator, DFO, their activity may be associ-
ated with regulating intracellular calcium. We used Ks62 cells
to study the effect of iron addition or iron chelation on intra-
cellular Ca** changes. Our results indicate that iron is essen-
tial to elicit a Ca*' signal and that intracellular iron concen-
trations determine the Ca*" response. Ks62 cells with DFO
causes [Ca*|i to rise with much smaller doses following the
administration of iron. The treatment with DFO can enhance
the sensitivity of cancer cells to the chemotherapeutic agent,
doxorubicin (DOX).

MATERIALS AND METHODS

Cell line and chemicals

Ks62 (human erytroleukemia cell line) cells were obtained
from the Istanbul Medical Faculty Biophysics Department
and maintained in Dulbeccos Modified Eagles medium F-12
supplemented with 10% heat-inactivated fetal calf serum and
100 1U/mL penicillin-streptomycin. Incubation conditions at
37°C in a humidified atmosphere of 5% CO, were maintained
in a Heraeus incubator (Hanau, Germany). Calcein acetoxy-
methyl ester (CA-AM) was purchased from Setareh Biotech.
TG, ethylene glycol-bis(B-aminoethyl  ether)-N,N,NN'-
tetraacetic acid (EGTA), dihydroethidium, Furo-2 AM, ryan-
odine, 2-ABP, DOX, and DFO were from Sigma.

Trypan blue cytotoxicity test

We tested the sensibility of the cytotoxicity test using
Trypan blue exclusion. Non-confluent (70-80% confluency)
cell monolayer cells were exposed to iron and DFO for 24
hours for the determination of cell viability [12]. The cells
were counted at 24 hours, and the cytotoxic dose of iron and
DFO was calculated. Cell viability (%) was calculated using the
equation:

Number of viable cells + total number of cells x 100

Flow cytometry analysis

To determine iron uptake, cells were loaded with 0.5 uM
CA-AM at 37°C for 30 minutes, in accordance with the litera-
ture [13]. Excess CA-AM on the surface was removed by wash-
ing with Hank's balanced salt solution (HBSS: 20 mM Hepes,
10 mM glucose, 150 mM NaCl, s mM KCl, 1 mM MgCl , 1 mM
NaZHPO4, pH 7.4); the cells were then resuspended in HBSS
medium at a density of 10° cells/mL. CA fluorescence (exci-
tation, 488 nm; emission, 517 nm) in CA-AM loaded cells was
analyzed using a BD Aria flow cytometer (BD Bioscience,
San Jose, CA, USA). Gates were set up to exclude non-viable
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cells and debris. The negative fraction was determined using
appropriate isotype controls.

Apoptotic cell death was examined using the Annexin
V-FITC Apoptosis Detection Kit (BD Bioscience, CA, USA).
Ks62 cells were incubated with iron DFO (10, 25, 50, 75, and
100 M) for 24 hours. All cells were washed with cold phos-
phate-buffered saline (PBS). The pellet was resuspended in
100 pL of x1 binding buffer at a density of 1 x 10° cells/mL. The
cells were incubated with 5 L of FITC-conjugated Annexin-V
and 5 pg/mL of PI for 15 minutes in darkness. Then, 400 pL of
x1 binding buffer was added to each sample tube, and the sam-
ples were analyzed using FACS (Becton Dickinson, CA, USA)
and quantified using Cell Quest software (Becton Dickinson,
San Jose, CA).

Reactive oxygen species (ROS) detection

Cellular ROS was measured using the fluorescence spec-
trophotometer (Perkin Elmer, LS4s; )\CX =392, )\m = 410) with
dihydroethidium (DHE) as a fluorescent probe. DHE, by vir-
tue of its ability to freely permeate cell membranes, was used
extensively to monitor ROS production [14,15]. The cells were
incubated with 10 uM DHE for 15 minutes at 37°C, washed,
resuspended in PBS, and then analyzed using the fluorescence
spectrophotometer.

Measurement of intracellular calcium with Fura-2

To determine [Ca®']i, 2.10° cells were rinsed with HBSS.
They were then loaded with 0.5 mL of 5 uM Furo-2AM, dis-
solved in HBSS from a stock solution of 1.5 mM in DMSO
containing 20% pluronic acid F-127 at room temperature
for 30 minutes, and subsequently rinsed twice with HBSS.
A Perkin-Elmer fluorescence spectrophotometer was used for
the fluorometric measurement of Ca* with LS45 (A = 340
and 380, )\em = 510). R and R values of the fluorescence
ratio were obtained with the addition of 10 ptM ionomycin and
4 mM EGTA. We calibrated the fluorescence signal using the
Grynkiewicz's equation [16].

Statistical methods

Data are shown as means with standard deviation; at
least three replicates were done for each experimental setup.
Statistical significance between control conditions and each of
the exposure samples was calculated with Student's ¢-test by
SPSS for Windows.

RESULTS

Cytotoxic effect of iron, iron uptake, and ROS
generation
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We had previously tested the sensibility of cytotoxicity
test using Trypan blue exclusion. Compared with untreated
cells, the cells” viability was not significantly affected by each
iron dose (Figure 1A). Flow cytometry analysis was used for
measurements of iron uptake. Figure 1B depicts fluorescence
intensity histograms of a representative experiment where
Ks62 cells were first treated with iron for 1 hour and then
loaded with CA-AM. After each dose of iron, melt flow index
(MFI) value was reduced in a dose-dependent manner due to
quenching (Figure 1B). The data for each dose were reported
as the percent change in the MFI following incubation with
iron, calculated as a percentage of the basal fluorescence (100 x
[MFI-Fe]-[MFI+Fe]/[MFI-Fe]) [16]. After the treatment of

iron, the graph data showed that iron uptake at the concen-
trations of 5, 10, and 20 M significantly increased (Figure 1B).
We showed that iron caused dose-dependent ROS generation
in Ks62 cells because iron uptake is associated with increased
ROS generation (Figure 1C).

Cytotoxic effect of DFO and detection of
intracellular iron using DFO

Compared with untreated cells, the cell viability was not
significantly affected by the iron chelating agent DFO, at the
doses used in this study (Figure 2A). We speculated whether
DFO would induce apoptosis of Ks62 cells at the doses used

(Figure 2A). Therefore, we analyzed apoptosis using Annexin
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FIGURE 1. (A) Cytotoxic effect of iron at different concentrations in K562 cells. The cells were treated with iron (0, 5, 10, 20, 60, 80, and
100 pM) for 24 hours. Results are expressed as the mean percentage of control (mean + standard deviation [SD], n = 3), (B) Flow cytome-
try measurements of iron uptake in K562 cells. The cells were loaded with 0.5 uM calcein-acetoxymethyl (CA-AM) at 37°C for 30 minutes.
Excess CA-AM on the surface was removed by washes with Hank's balanced salt solution; the cells were resuspended and incubated with
iron at different concentrations for 1 hour. The data for each dose were calculated as the percent change in the melt flow index following
incubation with iron. Iron uptake at concentrations of 5, 10, 20 uM significantly increased (¥p < 0.05), (C) Flow cytometry measurements
of reactive oxygen species in K562 after adding iron at above concentrations (means + SD, n = 3).
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FIGURE 2. (A) Dose response of desferrioxamine (DFO) after 24 hours treatment in K562 cells. The trypan blue exclusion method and
Annexin V Apoptosis Detection Kit were used as described in Materials and Methods. The data are shown as mean with standard devia-
tions, where 100% represents the total number cells for each tested sample, (B) The chelation of intracelluar iron by DFO. K562 cells were
incubated 24 hours with DFO at different concentrations (10, 25, 50, 75, 100 uM). The cells were loaded with 0.5 uM calcein-acetoxy-
methy!l (CA-AM) at 37°C for 30 minutes. Excess CA-AM on the surface was removed by washes and resuspended with Hank's balanced

salt solution.

V after DFO treatment and showed that there was no sig-
nificant apoptotic effect on the cells. DFO was also detected
to chelate intracellular iron in the dose-dependent manner
(Figure 2B). DFO was used to regenerate the fluorescence
quenched by iron. Therefore, the differences in fluorescence
reading with or without the addition of DFO positively
increased due to chelation of intracellular iron.

Effect of iron on intracellular Ca?'

To study, how dose-response iron uptake regulates intra-
cellular Ca* levels, K562 cells without and with DFO were
loaded with Furo-2. Figure 3A shows that the addition of
iron (5-20 uM) to the bath solution did not induce Ca** ele-
vations. Ca* elevation was observed above 40 pM iron
concentration for Furo-2-loaded Ks62 cells without DFO.
However, the addition of iron (s-60 M) to Furo-2-loaded
DFO-treated (100 pM) cells showed dose-dependent [Ca*']i
increase (Figure 3B). DFO-treated cells in calcium elevation
appeared to be about 8-fold more sensitive in their response
to iron. TG is a sarco endoplasmic reticulum calcium trans-
port ATPase (SERCA) pump inhibitor whose action releases
internal calcium from the sarcoplasmic reticulum. Figure 3C
and D show [Ca*']i of Furo-2 loaded Ks62 cells in the pres-
ence of TG (1 uM) (indicated by an arrow) of various concen-
trations of iron. As shown in Figure 3C and D, the dose-de-
pendent increase of intracellular calcium was observed after
adding increased concentrations iron to K562 cells with and
without DFO, respectively. To examine, the role of [Ca*]i in
response to iron, the effect of EGTA, an extracellular Ca** che-
lator, was investigated. After treatment with EGTA to Furo-
2-loaded Ks62 cells, [Ca*']i dropped with the addition of iron
(Figure 3E). Intracellular calcium started to increase with the
addition of DFO (Figure 3E).

2-Aminoethoxydiphenyl borate (2-APB), IP3Rs blocker,
ryanodine, and TG did not inhibit Ca** elevation, and an

increase was observed at 40 and 60 pM in K562 cells without
DFO (Figure 3F). The addition of 2-APB, ryanodine, and TG
into DFO-treated cells did not change intracellular Ca** levels
at 5 and 10 pM (Figure 3G). DOX (200 nM) was applied to
Ks62 cells without and with DFO. As shown in Figure 4, DOX
significantly increased [Ca*]i compared with cells that were
not treated with DFO.

DISCUSSION

Recent studies have emphasized the importance of altering
the iron requirement of cancer cells as a potential therapeutic
strategy for overcoming cancer cell progression and increasing
the efficacy of anti-cancer agents [11,17,18]. It is known that the
iron requirement of cancer cells is increased, and recent evi-
dence has demonstrated that high intracellular iron is a marker
of poor prognosis in patients with breast cancer [19]. Several
possible mechanisms have been reported for the anti-tumor
effects of iron chelating agents, including prevention of ribonu-
cleotide reductase activity [20], which is a rate-limiting enzyme
in DNA synthesis; inhibition of cell cycle progression by induc-
ing G1/S cell cycle arrest [21]; and inhibition of metastasis via
the up-regulation of N-Myc downstream-regulated gene 1 [22].
The present study showed that the dose-dependent increase in
[Ca*]i was caused as a response to the addition of iron, both to
Ks62 cells with and without DFO and the response was more
sensitive in cells that were incubated with DFO against iron
treatment. The treatment of various cancer cells with DFO has
been shown in previous studies to induce apoptosis through
the activation of various pro-apoptotic pathways [23-27].
Furthermore, the results of the present study demonstrate that
the exposure of K562 cells to DFO induced a rise of [Ca*']i that
was more sensitive to the iron concentration than Ks62 cells
without DFO. These results imply that this intracellular [Ca*']i

increase may promote apoptosis.
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FIGURE 3. Effect of iron on the intracellular calcium of K562 cells. Iron uptake regulates intracellular Ca?* levels, K562 cells without
desferrioxamine (DFO) (A) and with DFO (100 uM) (B) were loaded with Furo-2, (C) shows [Ca*]i of Furo-2 loaded K562 cells in presence
of thapsigargin (1 uM) at various concentrations of iron in K562 cells without DFO and with DFO (D), (E) The effect of ethylene gly-
col-bis(B-aminoethyl ether)-N,N,N/N'-tetraacetic acid (EGTA). After treatment with EGTA to Furo-2-loaded K562 cells, [Ca**]i dropped with
the addition of iron, (F) [Ca?*]i increased in K562 cells without DFO after addition of iron in presence of 2-aminoethoxydipheny! borate
(2-APB), ryanodine and thapsigargin, (G) [Ca**]i did not increase in K562 cells treated with DFO after addition of iron in presence of 2-APB,

ryanodine and thapsigargin.
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FIGURE 4. The effect of doxorubicin on intracellular calcium
levels in K562 cells with and without desferrioxamine.

Fluorescent probes are very commonly used because
of their excellent ROS sensitivity and simplicity in data
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collection. Of the small-molecule fluorescent ROS probes,
2'-7"-dichlorodihydrofluorescein (DCFH) and DHE are the
most popular. However, recent studies show that the use of
DCFH/DCFHDA in biologic systems with peroxidase activ-
ity may produce a number of misleading results because of
probe-derived radicals that produce ROS [28]. Furthermore,
it has been shown that cytochrome c is a powerful catalyst of
DCFH oxidation [29]. Thus, because an increase in cytosolic
cytochrome c levels could result in higher fluorescence with-
out any change in cellular peroxide levels, use of DCFH-DA
as an indicator of oxidative stress during apoptosis should
be approached with caution. We used DHE to monitor ROS
production though it still has some limitations. It has been
affirmed that the DHE reaction with superoxide anions forms
ared fluorescent product (ethidium), which intercalates with
DNA. Hence, DHE is supposed to be a more convenient and

sensitive dye to detect changes of ROS generations [30].
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[ron treatment after the elevation of [Ca*']i by preincuba-
tion with TG, a potent endomembrane Ca*-ATPase inhib-
itor, also induces calcium release from internal stores. It is
clear that this elevation is dependent on the concentration
of iron because intracellular calcium fell with the addition 80
uM iron. Previous studies showed that iron supplementation
of primary hippocampal neurons kept in Ca*-free medium
also elicited Ca*' signals, which suggests that hippocampal
neurons require Fe to generate RyR-mediated Ca* signals
after N-methyl-D-aspartate receptor stimulation [31]. In addi-
tion, pretreatment of osteoblasts with an L-type Ca** channel
blocker or a RyR antagonist inhibited Ca*' release from the
SR, which demonstrates that the increase of intracellular Ca**
induced by hepcidin, a key regulator of body iron homeosta-
sis, probably reflected Ca*' release from the ER, triggered by
the Ca* influx [32]. The ability of iron to deplete intracellu-
lar calcium via ryanodine, an IP3R blocker, 2-APB, which is
also a blocker of TRPM2 channels and TG was examined
and determined that it did not inhibit the rise in [Ca**]i in
Ks62 cells without DFO. Interestingly, intracellular calcium
levels did not significantly change after adding iron to cells
with DFO. These results show that iron does not stimulate
RyR, IP3R, or SERCA, which also regulate other intracellular
calcium stores.

Hanahan and Weinberg suggested that cancer is deter-
mined by six features: the ability to escape apoptosis; self-suth-
ciency in growth signaling; insensitivity to anti-growth signals;
the capacity for metastasis; unlimited proliferation capabil-
ity; and the promotion of angiogenesis [33]. Calcium signal-
ing is either directly or indirectly associated to each of these
processes [34-38]. Changes in Ca*' signaling are not always a
requirement for the initiation of cancer. However, altered cal-
cium transport may be significant in cancer cells and thereby
contribute to tumor progression. Characterizing such changes
may help to identify new therapeutic targets [39,40]. It has

been shown that DFO triggers apoptosis by the activation of

various pro-apoptotic pathways [24-27]. Our results demon-
strate that exposure of Kz62 a cell to DFO increases the sensi-
tivity of iron as a calcium response and boosts the sensitivity
to DOX.

CONCLUSION

The results of the present study provide evidence that
DFO induces intracellular calcium and increases their sensi-
tivity to the chemotherapeutic agent, DOX. This may render
them more vulnerable to disturbances of intracellular calcium
concentration because cancer cells have a relatively high rate
of mitosis. Therefore, use of drugs that elevate [Ca*]i could
result in a higher apoptotic rate of cancer cells. If this effect
could be controlled and used to increase [Ca*]i to much
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higher levels, this may result in a much faster apoptotic rate
and, therefore, the elimination of cancer cells.
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