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Iron metabolism disturbances in the MCF-7 human breast cancer
cells with acquired resistance to doxorubicin and cisplatin
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Abstract. The development of resistance of cancer cells to
therapeutic agents is the major obstacle in the succesful treat-
ment of breast cancer and the main cause of breast cancer
recurrence. The results of several studies have demonstrated
an important role of altered cellular iron metabolism in
the progression of breast cancer and suggested that iron
metabolism may be involved in the acquisition of a cancer cell
drug-resistant phenotype. In the present study, we show that
human MCF-7 breast cancer cells with an acquired resistance
to the chemotherapeutic drugs doxorubicin (MCF-7/DOX)
and cisplatin (MCF-7/CDDP) exhibited substantial alterations
in the intracellular iron content and levels of iron-regulatory
proteins involved in the cellular uptake, storage and export of
iron, especially in profoundly increased levels of ferritin light
chain (FTL) protein. The increased levels of FTL in breast
cancer indicate that FTL may be used as a diagnostic and prog-
nostic marker for breast cancer. Additionally, we demonstrate
that targeted downregulation of FTL protein by the microRNA
miR-133a increases sensitivity of MCF-7/DOX and MCF-7/
CDDP cells to doxorubicin and cisplatin. These results suggest
that correction of iron metabolism abnormalities may substan-
tially improve the efficiency of breast cancer treatment.

Introduction

Breast cancer is the most prevalent malignancy in women (1).
Despite a statistically significant decline in breast cancer inci-
dence and death rate in recent years, breast cancer is still the
leading cause of cancer death among women worldwide (1,2)
and second cause of cancer death among women in the US
(1). Furthermore, ~30% of patients with early-stage of breast
cancer have recurrent disease (3). One of the major obstacles
in the succesful treatment of breast cancer and the main cause

Correspondence to: Dr Igor P. Pogribny, Division of Biochemical
Toxicology, NCTR, 3900 NCTR Rd, Jefferson, AR 72079, USA
E-mail: igor.pogribny@fda.hhs.gov

Key words: breast cancer, iron metabolism, drug resistance

of breast cancer recurrence is the resistance of cancer cells to
therapeutic agents (3).

Several reports have provided compelling evidence for the
connection between profoundly deregulated cellular iron metab-
olism and breast cancer progression (4-7). More importantly, the
results of two recent comprehensive studies conducted by Pinnix
et al (4) and Miller et al (6) demonstrated that iron regulatory
gene signatures may predict breast cancer outcome. This suggests
that characterizing the disturbances in iron metabolism in cancer
cells, in addition to providing diagnostic and prognostic value,
may be also potential therapeutic strategies for breast cancer
treatment (8-10). Additionally, a report by Whitnall et al (11)
has demonstrated that alterations in cellular iron metabolism
may contribute to the acquisition of a cancer cell drug-resistant
phenotype. The latter was evident from the data showing that
treatment of the human etoposide-resistant MCF-7 breast cancer
cells with iron-chelating agents reversed the resistance of cancer
cells to chemotherapeutic agents (11); however, there is a lack
of conclusive information regarding the dysregulation of iron
metabolism in drug-resistant breast cancer cells.

The present study was undertaken to investigate the status
and role of iron metabolism in drug-resistant breast cancer
cells. We demonstrate that human MCF-7 breast cancer cells
with an acquired resistance to the chemotherapeutic agents
doxorubicin and cisplatin exhibit extensive alterations in the
cellular iron homeostasis as characterized by marked changes
in the level of intracellular ‘free iron’, a high-spin form of iron
[Fe(III)] detectable by electron paramagnetic resonance (EPR)
and proteins responsible for the cellular uptake, storage and
export of iron, especially by profound upregulation of ferritin
light chain (FTL) protein. Furthermore, the results demon-
strate that targeted downregulation of overexpressed FTL
protein by microRNA miR-133a increases the sensitivity of
drug-resistant cells to doxorubicin and cisplatin. This suggests
that correcting of intracellular iron metabolism may be a
potential approach to overcome resistance of breast cancer
cells to chemotherapeutic agents.

Materials and methods

Cell lines and cell culture. The human breast adenocarcinoma
MCEF-7 cell line and its variants resistant to doxorubicin
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hydrochloride (MCF-7/DOX; resistance index, 5.6) or cis-
diammineplatinum(II) dichloride (MCF-7/CDDP; resistant
index, 6.0) were cultured in complete Dulbecco's modified
Eagle's medium (DMEM; Sigma-Aldrich, St. Louis, MO,
USA) containing 10% embryonal calf serum (Sigma-Aldrich)
and 40 ug/ml gentamycin at 37°C in 5% CO, atmosphere. The
drug-resistant variants of MCF-7 cell lines were established
as described in Chekhun ef al (12) and the resistant index was
determined as outlined in Kars er al (13). Cells were seeded
at a density of 0.5x10° viable cells per 100-mm plate and the
medium was changed every other day for 4 days.

Low-temperature Fe(Ill) EPR. After 24 h of culturing in
complete DMEM, the cells were scrapped onto ice, washed
in phosphate-buffered saline (PBS), centrifuged at 1000 g for
10 min at 4°C and the pellet was re-suspended in PBS. The
suspension containing 2x10° cells was transferred into EPR
tubes and immediately frozen in liquid nitrogen. The level of
free iron was determined by a low-temperature EPR method
(14). Briefly, samples were maintained at -196°C during
recording of the spectra using a finger Dewar filled with liquid
nitrogen. The following parameters were used for the low-
temperature EPR: sweep width 1525 G; frequency 9.15 GHz;
microwave power 40 mW; modulation amplitude 10.0 G; and
modulation frequency 100 kHz. The g-value was calculated
using the standard formula g = hv/gH, where h is Planck's
constant, v is the frequency, f§ is the Bohr magneton and H is
the external magnetic field at resonance.

Immunocytochemistry. The levels of transferrin receptor 1
(TFR1), ferritin light chain (FTL), ferritin heavy chain (FTHI)
and ferroportin (FPN) were determined by immunocytochem-
istry. Cells were cultured on glass coverslips for 24 h and
fixed in ice-cold methanol:acetone (1:1) at -20°C for 10 min.
The fixed cells were then rinsed in PBS and after blocking
of non-specific staining with a 1% BSA solution for 20 min,
the cells were incubated with primary rabbit anti-human anti-
bodies against TFR1 (1:100; BS1620; Bioworld Technology,
Minneapolis, MN, USA), FTL (1:500; ab69090; Abcam,
Cambridge, MA, USA), FTH1 (1:150; GTX62020; GeneTex,
Irvine, CA, USA) and FPN (1:50; ab78066; Abcam) at room
temperature for 60 min followed by incubation with an
UltraVision LP Detection System (Thermo Fisher Scientific,
Waltham, MA, USA) for 15 min. Staining was developed with
3,3'-diaminobenzidine Quanto (Thermo Fisher Scientific).
The cells were counterstained with hematoxylin. The staining
intensity was evaluated by the H-score method as described
in McClelland et al (15). Briefly, the percentage of slightly (a),
moderately (b) and strongly stained cells (c) was determined
and then used in the formulaS=(1xa)+ 2 xb) + (83x¢) to
calculate an ‘H-score’. The S values ranged from O (no expres-
sion) to 300 (strong expression in 100% cells).

Drug sensitivity assay. To determine drug sensitivity, MCF-7,
MCEF-7/DOX and MCF-7/CDDP cells were plated at a density
of 10,000 cells per well in 96-well plates. Cells were cultured
for 24 h and then treated with doxorubicin, cisplatin, or bleo-
mycin sulfate (Sigma-Aldrich). After 48- and 72-h incubation,
cell survival was analyzed with sulforhodamine B (16) and
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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Figure 1. Levels of Fe(III) in MCF-7 and drug-resistant MCF-7/DOX and
MCF-7/CDDP breast cancer cells. The level of intracellular unincorporated
Fe(III) was determined by low-temperature EPR spectroscopy as detailed
in Materials and methods. The data are presented as percent change in the
Fe(IIT) level in MCF-7/DOX and MCF-7/CDDP cells relative to that in
MCEF-7 cells, which were assigned a value of 100%. Asterisks (*), signifi-
cantly different from MCF-7 cells (n=5).

bromide) assays (17). The ICs, (inhibitory concentration to
produce 50% cell death) values were determined from using
the resulting dose-response curves. The experiments were
repeated twice and each cell line was tested in triplicate.

Transfection of MCF-7/DOX, MCF-7/CDDP and MDA-MB-
231 cells with pre-miR-133a and siRNA-FTL. MCF-7/DOX,
MCEF-7/CDDP and MDA-MB-231 cells were seeded in
100-mm dishes at a density of 1x10° cells per dish and trans-
fected with 20 nM of pre-miR-133a (Life Technologies, Grand
Island, NY, USA) and 10 nM of Silencer® Select siRNA-FTL
(Life Technologies), in three independent replicates, using
Lipofectamine™ 2000 (Life Technologies) transfection
reagent according to the manufacturer's instructions. MCF-7/
DOX, MCF-7/CDDP and MDA-MB-231 cells transfected
with scrambled RNA oligonucleotide served as controls. At
48 h post-transfection, adherent cells were harvested by mild
trypsinization and the viability of cells was monitored by a
MTT test. The cells were then re-seeded and the transfection
repeated. Forty-eight hours after the second transfection,
adherent cells were harvested by mild trypsinization, washed
in PBS and frozen at -80°C for subsequent analyses. The
experiments were repeated twice.

Western blot analysis of protein expression. The level of FTL
protein in the breast cancer cells was determined by western
immunoblot analysis with primary antibodies against ferritin
light chain (FTL; 1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) as described in Shpyleva et al (18).

Statistical analyses. Statistical analysis was done using
Statistica 7.0 software (StatSoft Inc., Tulsa, OK, USA). Results
are presented as mean + SD. Data were analyzed by one-way
analysis of variance (ANOVA), with pair-wise comparisons
being made by the Student-Newman-Keuls method. P-values
<0.05 were considered statistically significant.
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Figure 2. Staining for TFR1,FTL,FTHI and FPN proteins in MCF-7 and drug-resistant MCF-7/DOX and MCF-7/CDDP breast cancer cells. Magnification, x40.
Representative images are shown.

Table 1. The levels of TFR1, FTL, FTH1 and FPN proteins
in parental MCF-7 breast cancer cells and its drug-resistant
variants MCF-7/DOX and MCF-7/CDDP.

Results

Changes in intracellular Fe(Ill) in the MCF-7/DOX and
MCF-7/CDDP resistant cancer cells. Fig. 1 shows that
drug-resistant MCF-7/DOX and MCF-7/CDDP cells are

The level of protein expression, H-score

characterized by a substantial variation in the ‘free’ intracel-  Protein MCEF-7 MCF-7/DOX MCEF-7/CDDP
lular Fe(III) content as compared to parental MCF-7 cells.

Specifically, the level of intracellular Fe(IIl) in the MCE-7/ ~ TFR1 72418 205+5.4° 215+5.5°
CDDP cells was 2.0 times greater than in MCF-7 cells. In  FTL 195+4.5 298+2.1¢ 296+5.8
contrast, the intracellular level of Fe(IIT) in MCF-7/DOX cells  FTH1 125+2.7 79+0.8* 220+6.1%
was 2.0 times lower than in parental MCF-7 cells. FPN 83+1.1 200+3 4 20345 22

Alterations of iron-regulatory proteins in the MCF-7/DOX and
MCF-7/CDDRP resistant cancer cells. Table I shows changes in
the levels of proteins involved in the cellular uptake (TFR1),
storage (FTL and FTHI) and export (FPN) of iron in MCF-7
cells and the MCF-7/DOX and MCF-7/CDDP drug-resistant
variants. In the MCF-7/DOX and MCF-7/CDDP drug-resistant
cells the levels of TFR1, FTL and FPN proteins were 3.0, 1.5
and 2.5 times greater than their values in the parental MCF-7
cells (Table I and Fig. 2).

“Significantly different from MCF-7 cells (mean + SD, n=5).

In contrast to the cell-type-independent changes in TFR1,
FTL and FPN proteins in MCF-7/DOX and MCF-7/CDDP
cells, alterations in the levels of FTH1 protein were cell-specific.
This was evidenced by a 37% downregulation of FTHI1 in the
MCF-7/DOX cells as compared to the parental MCF-7 cells,
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Figure 3. Distribution of FTL protein in MCF-7 and drug-resistant MCF-7/
DOX and MCF-7/CDDP breast cancer cells as detected by immunohisto-
chemical staining and western immunoblotting. The data are presented as
percent change in the levels of cytosolic and nuclear FTL protein in MCF-7/
DOX and MCF-7/CDDP cells relative to those in MCF-7 cells, which were
assigned a value of 100%. Asterisks (¥), significantly different from MCF-7
cells (n=5).

while in the MCF-7/CDDP, FTH1 was substantially (by 176%)
upregulated.

Intracellular localization of FTL protein in the MCF-7/DOX
and MCF-7/CDDP resistant cancer cells. In our previous
study we demonstrated that MDA-MB-231 breast cancer cells,
which exhibit an advanced and intrinsic drug-resistant pheno-
type, were characterized by an upregulation of FTH1 and,
especially, FTL proteins (18). Additionally, MDA-MB-231
breast cancer cells were characterized by increased levels of
these proteins in their nuclei (18). This observation prompted
us to investigate whether or not the upregulation of FTL in
the MCF-7/DOX and MCF-7/CDDP resistant cancer cells is
also accompanied by an altered subcellular distribution. It is
well established that both FTH1 and FTL are primarily cyto-
solic proteins (19). Indeed, in parental MCF-7 cells, FTL is
located only in the cytoplasm (Figs. 2 and 3). In contrast, in the
MCF-7/DOX and MCF-7/CDDP resistant cancer cells, FTL
was located primarily in the nucleus.

Sensitivity of the MCF-7/DOX and MCF-7/CDDP cells to
chemotherapeutic agents. Having found significant changes in
the levels of iron-regulatory proteins and intracellular Fe(I1I)
content in the MCF-7/DOX and MCF-7/CDDP cells compare
to MCF-7 cells, we investigated whether these changes
were accompanied by a different resistance to other chemo-
therapeutic drugs, especially those in which the mechanism
of action is linked to iron metabolism. Table II shows that the
MCF-7/DOX cells, which are characterized by a low level of
Fe(I11), were the most resistant to bleomycin, a model chemo-
therapeutic agent whose anticancer activity is associated with
iron (20). In contrast, the MCF-7/CDDP resistant cancer cells
that have an increased level of intracellular Fe(III) showed the
same sensitivity to bleomycin treatment as MCF-7 cells.

MiR-133a targets FTL and increases sensitivity of breast
cancer cells to chemotherapeutic agents. Recent reports
demonstrating the critical role of iron-regulatory proteins in
breast cancer progression (4-7) suggest that targeting these

CHEKHUN et al: IRON METABOLISM AND BREAST CANCER DRUG RESISTANCE

Table II. Drug sensitivity of parental MCF-7 breast cancer
cells and its drug-resistant variants MCF-7/DOX and MCF-7/
CDDP.

The half maximal inhibitory concentration ICy,, uM

Drug MCF-7 MCF-7/DOX  MCF-7/CDDP
DOX 4.1+0.3 23.3+2.1° 12.4+1.2
CDDP 15.3+1.3 16.0£1.0 93.3+7.0*
Bleomycin 6.4+0.5 11.3+0.6 41+04

“Significantly different from MCF-7 cells (mean + SD, n=5).

proteins may be a potential therapeutic approach to improve
clinical management of breast cancer and overcome resis-
tance of breast cancer cells to chemotherapeutic agents (11).
Computational analysis of the 3'-UTR of FTL gene, using the
TargetScanHuman, version 6.2, database (www.targetscan.
org), revealed the presence of putative binding sites for two
microRNAs, miR-22 and miR-133. Recently, Wu et al (21)
showed that the level of miR-133a is markedly reduced in
breast cancer and is associated with breast cancer progression.
The expression of miR-133a was also lower in breast cancer
cell lines and displayed Ct values of >33 cycles in MCF-7/
DOX and MCF-7/CDDP cells suggesting that this miRNA
is not expressed in drug resistant cells (data not shown). In
contrast, the expression of miR-22 was substantially increased
in MCF-7 cells resistant to doxorubicin and cisplatin (22,23).

To determine whether or not upregulation of miR-133a
affects the FTL levels and increases the sensitivity of drug-
resistant cells to chemotherapeutic agents, we transfected
MCF-7/DOX and MCF-7/CDDP cells with pre-miR-133a.
First, we confirmed experimentally that miR-133a targets
human FTL mRNA. This was accomplished by transfecting
human MDA-MB-231 breast cancer cells, which are charac-
terized by high levels of FTL, with the miR-133a precursor
or a siRNA directed against FTL. Fig. 4B shows a reduc-
tion in the levels of FTL by 76 and 71%, respectively, in the
MDA-MB-231 cells transfected with pre-miR-133a precursor
and siRNA, as compared to mock-transfected cells. Then, we
transfected MCF-7/DOX and MCF-7/CDDP drug-resistant
cells with pre-miR-133a and found an ectopic upregulation of
miR-133a that resulted in a substantially increased cancer cell
sensitivity to doxorubicin and cisplatin. This was evidenced
by the fact the ICs, concentration for doxorubicin and cisplatin
in MCF-7/DOX and MCF-7/CDDP cells decreased 7.9- and
2.0-fold, respectively (Fig. 4C and D).

Discussion

Iron is required for normal cell function and is finely regulated
by extracellular and intracellular mechanisms responsible for
iron homeostasis. In contrast, in cancer cells, the intracel-
lular iron metabolism is profoundly disturbed (5). A number
of previous studies have demonstrated a fundamental role
of an altered intracellular iron homeostasis in breast cancer.
Specifically, breast tumors have aberrant levels of iron-
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Figure 4. MiR-133a directly targets the human FTL gene. (A) Complementary sequence for miR-133a in the 3'-untranslated region of FTL. (B) The level

of FTL protein in MDA-MB-231 cells transfected with scrambled RNA oli
48 h. The data are presented as percent change in the level of FTL in MDA-
mock-transfected MDA-MB-231 cells, which were assigned a value of 100%.

gonucleotide (mock), pre-miR-133a, or siRNA against FTL (siRNA-FTL) for
MB-231 cells transfected with pre-miR-133a or siRNA-FTL relative to that in
Asterisks (), significantly different from mock-transfected MDA-MB-231 cells

(n=3). (C) Sensitivity of MCF/DOX cells transfected with pre-miR-133a to doxorubicin treatment (n=3). (D) Sensitivity of MCF/CDDP cells transfected with
pre-miR-133a to cisplatin treatment (n=3). For the drug sensitivity analysis, the miR-133a-transfected MCF-7/DOX and MCF-7/CDDP cells were plated at a

density of 3x10° cells per well in 96-wells plates and treated with various con
was analyzed by using the CellTiter-Blue® Cell Viability assay (Promega, Mad
curves. The results were reproduced in two independent experiments.

regulatory proteins, including TFR1, ribonucleotide reductase,
FTL, FTHI, FPN and hepcidin (4-7,24-27). It is believed that
these changes may accelerate tumor growth leading to a more
aggressive tumor behavior, metastasis, drug resistance and
high recurrence of the disease (9,17).

In this study, we report that human MCF-7 breast cancer
cells with an acquired resistance to the chemotherapeutic drugs
doxorubicin and cisplatin exhibited substantial alterations
in the intracellular iron content and levels of iron-regulatory
proteins involved in the cellular uptake, storage and export of
iron. The results demonstrate that the levels of intracellular
‘free iron’ in drug-resistant MCF-7/DOX and MCF-7/CDDP
cells were distinctively different. This was evidenced by the
fact that the level of intracellular iron in MCF-7/DOX cells
was substantially reduced as compared to parental MCF-7
cells, which may be explained by a direct iron-chelating ability
of doxorubicin (28,29) and by ability of doxorubicin to interact
with iron response elements of FTH1 and FTL mRNAs (30).
In contrast, the level of intracellular iron was profoundly
increased in MCF-7/CDDP drug-resistant cells.

It is well-established that changes in the cellular iron levels
are one of the major causes of the upregulation of iron-regu-

centrations of doxorubicin and cisplatin. After 72 h of incubation, cell survival
ison, WI, USA). The IC,, values were determined using resulting dose-response

latory proteins and ferritins and the translocation of ferritins
to the nucleus (19,31). One of the key findings in this study
was profoundly increased levels of FTL protein in MCF-7/
DOX and MCF-7/CDDP drug-resistant cells, in general and
in the nuclei, in particular. Similarly, in our previous study,
increased levels of FTL and FTH1 were found in the aggres-
sive and drug-resistant human MDA-MB-231 breast cancer
cells (18). In view of this, we hypothesize that increased levels
of FTL may be one of the factors associated with drug-resis-
tance. This suggestion is supported by evidence showing that
nuclear ferritins protect DNA from DNA damage-inducing
compounds, including DNA-alkylating chemotherapeutic
drugs (32).

The increased levels of FTH1 and FTL proteins in breast
cancer indicate that these proteins may be used as diagnostic
and, more importantly, as prognostic markers for breast cancer
(4,6,26,27). Additionally, several reports have shown that
FTHI and FTL may be potential targets in cancer and that
their downregulation may substantially increase the efficiency
of cancer therapy (33,34). Moreover, it has been suggested
that targeted correction of upregulated ferritins may also be
a potential approach to overcome resistance of breast cancer
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cells to chemotherapeutic agents (11). The results of the
present study, showing that targeted downregulation of FTL
protein by miR-133a increases sensitivity of MCF-7/DOX and
MCEF-7/CDDP cells to doxorubicin and cisplatin support this
suggestion. Additionally, these findings are in good agree-
ment with a recent report by Liu et al (34) demonstrating that
silencing of FTHI1 by siRNA substantially sensitized tumors
to chemotherapy.

In conclusion, the data presented herein point to dysregu-
lated iron metabolism as one of the main factors associated
with drug-resistant phenotype of breast cancer cells and
indicate that correction of these alterations may substantially
improve the efficiency of breast cancer treatment.
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