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ABSTRACT

Apart from the cytotoxic effect on NB cells, DFO has also been shown
to have a favorable antitumor effect on human hepatoma xenografts in
The mechanismof actionof the clinicallyused iron(ffl) chelator,des nude mice (10) and hematopoietic tumors (11) as well as a favorable
ferrioxamine (DFO), on preventing h-on (Fe) uptake from transferrin (TI)
effect in patients suffering from refractozy leukemia (12).
has been investigated using the human melanoma cell line SK-MEL-28.
However, despite the impressive cytotoxic effect of DFO, very little
This Investigation was Initiated due to the paucity of information on the
mechanismsofaction ofDFO in neoplasticcellsand becauserecent studies is known about its mechanism of action in neoplastic cells, particu
have suggestedthat DFO may be a usefulantitumoragent,The effectof larly its effect on iron uptake from the serum iron transport protein, Tf.
DFO was dependent on incubation time. After a 2-h Incubation, DFO Malignant melanoma is a highly aggressive tumor having a long
acted like the extracellular chelators, EDTA and diethylenetriaminepen
history of resistance to multiple classes @f
cytotoxic drugs, and once
taacetic acid, because there was little inhibition of59Fe uptake from Tf. In
metastasis has occurred, the prognosis is very poor (13). Previous
contrast,aftera 24-h incubation,DFO(0.5mM)efficientlyreducedinter
investigations by the authors have demonstrated that the malignant
nalized 5@Feuptake from iT to 18% of the control value. These observa
melanoma
cell line, SK-MEL-28, has a very high iron uptake rate
dons suggested the existence ofa kinetic block to the entry of the apoche
latorto IntracellularFe poolsand/orto theexitofthe DFO-5@Fe
complex. from 11 related to the presence of two highly efficient mechanisms
Indeed,cellular fractionationdemonstratedthat, In contrastto the de (14, 15).
crease In the percentage of5@Fe In the ferritin and membrane fractions, a
Considering this high iron uptake rate and the paucity of informa
marked increase in the percentage of 59Fepresent in the ferritin-free tion in general on the mechanism of action of DFO in tumor cells, it
cytosol occurred.These observationssuggestedan accumulationof the was of interest to examine the effect of DFO on Fe uptake by mela
DFO-5@Fe complex Within the cell. The highly lipophilic Fe chelator, pyrl
noma cells and any antiproliferative effect which may be clinically
doxal isonicotinoyl hydrazone, was far more effective than DFO at pre
venting59Feuptake from Tf, illustratingthe Importanceof membrane useful. For comparison, the effect of several other chelators were also
examined, including the membrane impermeable chelators, EDTA
permeability for effective Fe chelation. Desferrioxamine at a concentra
plus DTPA, and the membrane permeable chelator, PIH.
tion of 1 mMdecreased internalized â€˜@I-Tf
uptake to 70% of the control.

However, the decrease in 5@Feuptake observed could only be partially
accountedfor by a decreaseInTf uptake,and it appearedthatDFOwas
chelating5@Fe
at an intracellularsite consistentwith the transitFe pool.
The results are discussedin the context of the use of Fe chelatorsas

MATERIALS

AND METHODS

All materials and methods including the labeling ofhuman Tf with 5@Feand

effective antineoplastic agents.
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ously (14). The chelator PIH was synthesized as described by Johnson et a!.
(16). DFO was obtained from Ciba-Geigy Pharmaceutical Co.
To measure 5@Fe-'25I-Tfuptake in the presence of chelators, these corn

Iron is an essential element for cell growth and division because
iron-containing proteins catalyze key reactions involving energy me
tabolism, respiration, and DNA synthesis (1). Without iron, cells are
unable to proceed from G, to S of the cell cycle (2). Hence, all cells
require iron and neoplastic cells have a high requirement related to
their rapid rate of proliferation, and this is reflected by an increase in
the expression of the TfR3 (3).

pounds were dissolved in Eagle's minimum essential medium containing

BSS. The amount of radioactivity bound to the plasma membrane or internal

DFO (Desferal) is a tris-hydroxamatechelator (siderophore)pro

ized by the cells was then measured

duced by Streptomyces pilosus, which has a very high affinity and
specificity for Fe(III) (4), and is currently used clinically to treat iron
overload diseases such as thalassemia (5). Recently, DFO has been
shown to be highly cytotoxic to human NB cells in vitro while having
little effect on non-NB cell lines (6â€”8).Indeed, in a recent clinical

trial, a single, 5-day course of DFO resulted in 7 of 9 patients having
more than a 50% decrease in bone marrow infiltration of NB cells (9).
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after incubation

for 30 mm at 4Â°C(14). The distribution of internalized 5@Feinto ferritin,
stromal-mitochondrialmembranes, and ferritin-free cytosol was determined as
described previously (17). It should be noted that the iron pools defined by
these methods are functional and may not correspond to actual cell locations.
The effect of the chelators on [3H]thyrnidine uptake was measured by
incubating melanoma cells with DFO (0.01â€”5
mr@i)
for 24 h. The uptake of
[3H]thyrnidinewas then measured after washing the monolayer twice with BSS
prior to incubation at 37Â°Cfor I h in Eagle's minimum essential medium
containing [3H]thymidine (1 @Cilplate).The radioactive medium was then
removed by aspiration, and the cell monolayer was washed four times with
ice-cold BSS. Acid-insoluble material was precipitated by incubation for I h at
4Â°Cwith 20% trichloroacetic acid followed by washing twice with ice-cold
10% trichloroacetic acid. The cells were removed from the plates in I ml of I
M NaOH

Institute

1%

(v/v) nonessential amino acids, bovine serum albumin (5 mg/mI), N-2hydroxyethylpiperazine-N'-2-ethanesulfonic acid buffer (20 mu; pH 7.4), and
5@Fe@lL@I@Tf(1.25and incubated with the cells for 2 or 24 h. The medium
was then removed, and the cell monolayer was washed four times with ice-cold

by liquid

scintillation

counting.

The results were calculated as moles of iron or Tf per g of protein (gPR) and
abbreviations

used

are:

T@,

transferrin

receptor,

If,

transferrin;

DFO,

desfer

rioxamine; NB, newoblastoma DTPA, diethylenetriaminepentaacetic acid; PIH, pyri
doxal isonicotinoyl hydrazone; BSS, balanced salt solution; gPR, gram ofprotein; EDTA,

ethylenediaminetetraacetic acid.

as a percentage

of the control and are expressed

as the mean or mean Â±SEM.

Each determination was derived from I confluent petri dish containing ap
proximately

5 X 106 cells, and this was equivalent

to about 0.45 rng protein
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thebicinchoninic
acidproteinassayprocedure
(14).Datawerecomparedusing
the Student t-test. Results were considered statistically significant when P <
0.05.
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Total and Internalized
Iron Uptake. Preliminary experiments
with melanoma cells demonstrated that DFO (0.5 mM) had a similar
effect on 5@Fe and â€˜251-Tfuptake as the membrane impermeable
chelators, EDTA and DTPA, reducing total 5@Feuptake from Tf to

@
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1). In

contrast, the membrane permeable chelator PIH was far more effective
and reduced total 5@Fe uptake to 10% of the control. All of the
chelators also slightly reduced â€˜@I-Tfuptaketo 70-90% ofthe control

value (Table I).
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Fig. 1. The effect of DFO concentration (0.01â€”5mM) on â€˜25I-transfemnand 59Fe

The low activity of DFO describedabove after a 2-h incubation
with melanoma cells was in contrast to its marked effect on other cell
types (17). This was investigated further using a range of DFO con

internalization over a 24-h incubation with @Fe-'25I-Tf
(1.25 g.u.i).The cells were then
washed four times and incubated with Pronase (1 mg/mI) for 30 mm at 4Â°C.Results are
means of 2 experiments (8â€”12determinations).

centrations (0.01â€”5mM) and also a longer incubation period of 24 h.

In contrast to the effect of DFO after a short-term incubation,
internalized 5@Feuptake decreased markedly over a 24-h incubation,
and at a DFO concentration of 1 m@i, @Feuptake was reduced to 16%

of the control value (Fig. 1).To investigatethe relationshipof mem
brane permeability to the efficacy of iron chelation, a similar experi
ment was done with the membrane impermeable chelator, EDTA (1

5@FeUptake into the Plasma Cell Membrane. DFO and EDTA
did not affect membrane Tf uptake after a 24-h incubation (not shown)

but did substantially reduce the uptake of non-li-bound 5@Feinto the
plasma membrane-bound

compartment (Fig. 3). Non-Tf-bound mem

brane59Feuptakewas calculatedby assumingthat each Tf molecule
in the membrane compartment had two iron atoms bound. This was

mM). Interestingly, EDTA was far less effective than DFO, and after a
24-h incubation, decreased internalized 5@Feuptake to 55% of the

then subtractedfromthe total membraneiron (14).At concentrations

control without affecting â€˜251-Tf
uptake (not shown).

from OJâ€”l mM, DFO was significantly (P < 0.0005) more effective

Subcellular

Distribution

of @â€˜Fe.
DFO at concentrations greater

than Oi mM decreased 5@Feuptake into the stromal-mitochondrial
membranes and femtin fractions to a greater extent than total cell 59Fe
uptake (Thble 2). However,
@Feuptake into the ferritin-free cytosol
decreased less markedly than either the stromal-mitochondrial mem

brane or ferritin fractions (Table 2). As a proportion of the total
amount of 5@Feinternalized by the cell, the stromal-mitochondrial
membrane 5@Fedecreased with increasing DFO concentration, while
5@Feuptake into ferritin was also markedly reduced (Fig. 2). This
indicated that in melanoma cells, ferritin, or more likely an iron pool
in direct equilibrium with it, was the main site of action of DFO. In
contrast to the decrease in 5@Fe uptake into both the ferritin and
stromal-mitochondrial membrane, a pronounced increase in the per

centage of internalized 5@Fein the ferritin-free cytosol occurred

than EDTA at reducing the uptake of non-li-bound membrane 5@Fe.
Previous work by the authors demonstrated that membrane non-Tf
bound 5@Feuptake by melanoma cells was consistent with the pros
ence of a membrane iron-binding molecule (14). The present results
suggest that both DFO and EDTA have access to @Fereleased from
Tf en route to the membrane iron-binding component, reducing iron
uptake by this molecule. In addition, as the cell membrane is imper
meable to EDTA, it appears possible that at least part of the 5@Fein the
membrane compartment may be derived from 59Fe released from 11

at a site in contact with the extracellular medium.
@fransferrin Uptake

DFO had much less effect on â€˜@I-Tf
uptake than

@Feuptake,

suggesting that its main site of action was distal to TI cycling. DFO

(Fig. 2).

had little effect on total or membrane â€˜25I-Tf
uptake at concentrations
less than 5 mM. In contrast, after an incubation period of 24 h, DFO
(1 mM) decreased the internalization of Tf to 70% of the control (Fig.

Table I The effect ofPIH, DFO, EDTA, and DTPA at a concentration ofO.5 nui
on total 59Fe and â€˜251-Tfuptak.eby melanoma cells after a 2-h incubation at a
Tfconcen:ration
@avâ€œFe
of 1.25

protein)Control
Chelator
(100%)PIH

uptake
(nmoles ironfg protein)

â€˜@â€˜I-Transferrin
Uptake
(nmoles Tf/g

220 Â±2â€•(4)

10.5 Â±0.4(4)

1).As a proportion of total Tf uptake, internalized TI uptake decreased
from the control value of 29 Â±1% (12 determinations) to 23 Â±1%
(12 determinations) at a DFO concentration of 1 mt@i.

Effectof DesferrioxamineConcentrationon [3H]Thymidine

(109%)b

(79%)DFO
(88%)EDTA

Incorporation

22Â±2 (3)
(10%)

8.3Â±0.3(3)

163Â±4 (4)

9.2Â±0.4(4)

The impressive ability of DFO to reduce @Fe
uptake from Tf after
a 24-h incubation suggested that this chelator may have some cyto
toxic effects on these cells and may be able to reduce [3H]thymidine

(74%)

172Â±4 (4)

incorporation into DNA. In addition, this effect may be particularly
marked considering the high iron requirement of melanoma cells (14,

8.7Â±0.4(4)

(78%)

(83%)

15). Indeed,
DTPA

132Â±4

(4)

9.4Â±0.4(4)

(60%)
a Results are expressed as mean Â±SEM (3â€”4experiments;
b Results

in parentheses

are expressed

as a percentage

after a 24-h incubation,

DFO markedly

decreased

[@II]

thymidine uptake, and at a concentration of 0.5 m@ior greater, DFO
almost completely inhibited [3H]thymidine incorporation (Table 2).

(90%)
10â€”17determinations).

of the control.
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incubationDFO
Table 2 The
effect ofDFOconcentration

and the uptake and distribution of59Fe by melanoma cells after a 24-h

(0.01â€”5nut) on the incorporation off3HJthymidinc
Fe/gPR)Total

incorporation

uptake (pmoles

internalized
ironFerritin-free

membraneControl100
mi@i[3H]Thymidine (% control)Iron
Â±32.28

Ferritin

Â±0,05â€•

(100%)â€•1

(15%)0.0171

cytosolStromal-mitochondrial

.35 Â±0.05
(59%)

0.59 Â±0.03
(26%)0.34

Â±0.02

Â±71.89

Â±0.05
(100%)1.19

Â±0.04
(63%)

0.50 Â±0.04
(26%)0.26

Â±0.01

Â±41.39

Â±0.05
(100%)0.78

Â±0.04
(56%)

0.40 Â±0.02
(29%)0.23

Â±0.01

Â±0.02

(14%)0.0562

(17%)0.120

Â±30.93

(100%)0.47

Â±0.01
(51%)

0.33 Â±0.02
(35%)0.15

Â±0.01

(16%)0.510.41

Â±0.02
(100%)0.16

Â±0.01
(39%)

0.21 Â±0.01
(51%)0.05

Â±0.01

(21%)1<10.36

Â±0.02
(100%)0.

12 Â±0.01
(33%)

0.21 Â±0.01
(58%)0.04

Â±0.01

(11%)5<10.27

Â±0.04

Â±0.01
(19%)

(100%)0.05
a Results are expressed as means Â±SEM (6â€”12determinations
b Results

in parentheses

represent

the relative

distribution

0.20 Â±0.01
(74%)0.01

Â±0.01
(4%)

in 1 experiment).

of iron

between

ferritin,

ferritin-free

cytosol,

and stromal-mitochondrial

membrane

expressed

as a percentage

of the total

internalized iron at each DFO concentration.

DISCUSSION
The iron chelation efficacy of DFO in melanoma cells was depen
dent on incubation time. After a short incubation of 2 h, DFO (0.5 mM)

had little effect on 5@Feuptake from Tf, acting in a similar way to the
membrane impermeable chelators, DTPA and EDTA. However, after
24 h of incubation, DFO (0.5 mM) was significantly more effective
than EDTA and decreased 5@Feuptake to 18% of the control. These
observations suggested a kinetic block to the entry of the apochelator
into the cell and/or to the exit of the 5@Fecomplex from the cell.
Indeed, after a 24-h incubation with DFO, it is of interest to note that
in contrast to the decrease in the percentage of 59Fe in the ferritin and

stromal-mitochondrial fractions, a marked increase in the percentage
of 59Fe in the fenitin-free cytosol occurred (Fig. 2). This may suggest
that an intracellular accumulation of the DFO-5@Fechelate (ferriox
amine) was occurring. These data are in accordance with previous
studies demonstrating that ferrioxamine is far more hydrophilic and

hence far less membrane permeable than the apochelator, which may
explain the accumulation of the 5@Fechelate within the cell (18).

The decrease in 5@Feuptake observed using DFO could only be
partially accounted for by a decrease in 11 uptake. Under similar
experimental conditions, DFO has been shown by dialysis experi
ments to release 17â€”21%of TI-bound 5@Fe(19). Hence, in the pros
ence of DFO, there may be a significant generation of apoTf or
monoferric Tf whose affinity for the TfR is far less than diferric Tf
(20), and this may account for the decrease in Tf internalization
observed as the DFO concentration was increased (Fig. 1). In contrast,
EDTA, DTPA, and NH cannot remove significant amounts of 59Fe
from Tf (19, 21), and the decrease in total â€˜251-Tf
uptake seen after a
2-h exposure to these chelators (Table 1) may be due to the chelation
of calcium(II), which is required for the binding ofTf to the TfR (22).
The long incubation time (24 h) required for effective chelation by

DFO, the greater efficacy of DFO compared to the impermeable

.@

Fig. 2. The effect of DFO concentration (0.01â€”5
mai)on the distributionofinternalized
iron between
ferritin (I), femtin-free cytosol (0), and stromal
mitochondiial membrane (A) over a 24-h incuba

tion with

@Fe-'@'I-Tf
(1.25 pM). The cells were

thenwashedfourtimesandincubatedwithPronase
(1 mg/mI) for 30 mm at 4Â°C.Results are mean Â±

III

SEM (2 experiments;8-12 determinations).

0

0-5
D.sf.rrioxamin.

Concsr,trotion

(mM)
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demonstrated that this compound is excreted in the bile as the iron
complex and then reabsorbed in the gut, resulting in little net iron
excretion (36). On the other hand, PIH appears to have a favorable
hydrophilic/hydrophobic balance, and a clinical trial with this chelator
showed no evidence of toxicity and produced significant iron excre
tion (37).
Because there are few therapies to successfully treat the aggressive
metastatic form of malignant melanoma (13) and in consideration of
the marked iron chelation effect of DFO, and especially PIH in mela
noma cells, as well as the substantial effect of DFO on [3H}thymidine
incorporation, it appears worthwhile to initiate further studies to ex
amine the effects of these chelators on the growth of human melanoma
xenografts in nude mice.
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