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Abstract.

 

We tested the effect of iron deprivation on cell death induction in human
Raji cells pre-adapted to differing availability of extracellular iron. Iron deprivation
was achieved by incubation in a defined iron-free medium. Original Raji cells have
previously been adapted to long-term culture in a defined medium with 5 

 

µ

 

g/ml of
iron-saturated human transferrin as a source of iron. Raji/lowFe cells were derived
from original Raji cells by subsequent adaptation to culture in the medium with 50 

 

µ

 

m

 

ferric citrate as a source of iron. Raji/lowFe-re cells were derived from Raji/lowFe
cells by re-adaptation to the transferrin-containing (5 

 

µ

 

g/ml) medium. Iron deprivation
induced cell death in both Raji cells and Raji/lowFe-re cells; that is, cells pre-adapted to
a near optimum source of extracellular iron (5 

 

µ

 

g/ml of transferrin). However, Raji/lowFe
cells preadapted to a limited source of extracellular iron (50 

 

µ

 

m

 

 ferric citrate) became
resistant to the induction of cell death by iron deprivation. We demonstrated that cell death
induction by iron deprivation in Raji cells correlates with the activation of executioner
caspase-3 and the cleavage of caspase-3 substrate, poly-ADP ribose polymerase. Two
other executioner caspases, caspase-7 and caspase-6, were not activated. Taken together,
we suggest that in human Raji cells, iron deprivation induces apoptotic cell death
related to caspase-3 activation. However, the sensitivity of the cells to death induction
by iron deprivation can be reversibly changed by extracellular iron availability. The
cells pre-adapted to a limited source of extracellular iron became resistant.

INTRODUCTION

 

Apoptosis represents an evolutionarily conserved program of cell self-destruction by which cells
are eliminated from a multicellular organism (Jacobson 

 

et al

 

. 1997; Raff 1998). Apoptosis is the
type of programmed cell death that is dependent on the activation of executioner caspase(s),
particularly on the activation of caspase-3. The activation of executioner caspase(s) results in
cleavage of proteins known as ‘death substrates’. This cleavage represents the start of cell auto-
destruction (Earnshaw 

 

et al

 

. 1999; Jaattela & Tschopp 2003; Fink & Cookson 2005; Ghorbrial

 

et al

 

. 2005; Kim 2005).
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It has been shown that iron is essential for cell proliferation and also for maintaining cell
viability (Le & Richardson 2002). Iron represents an irreplaceable component of some key
enzymes, such as enzymes of the mitochondrial respiratory chain and ribonucleotide reductase,
responsible for deoxyribonucleotide synthesis (Thelander 

 

et al

 

. 1983; Lill 

 

et al

 

. 1999). It is
therefore not surprising that iron deficiency could lead to impaired function of the mitochondrial
respiratory chain or DNA damage, resulting in the inhibition of cell proliferation or apoptosis
induction (Rakba 

 

et al

 

. 2000; Simonart 

 

et al

 

. 2002). Enhanced requirement for iron supply of
proliferating tumour cells is supposed to be a prerequisite for cancer therapy based on apoptosis
induction by iron deprivation (Shterman 

 

et al

 

. 1991). Various types of tumour cells, especially
those of haematopoietic origin and neuroblastomas, have been shown to be sensitive to iron
deprivation (Taetle 

 

et al

 

. 1989; White 

 

et al

 

. 1990; Seligman & Crawford 1991; Kemp 

 

et al

 

.
1992; Kovar 

 

et al

 

. 1995; Donfrancesco 

 

et al

 

. 1996) and in some tumour cells, iron deprivation
can induce apoptosis (Fukuchi 

 

et al

 

. 1994; Haq 

 

et al

 

. 1995; Hileti 

 

et al

 

. 1995; Kovar 

 

et al

 

.
1997a, 2001; Ido 

 

et al

 

. 1999; Rakba 

 

et al

 

. 2000; Simonart 

 

et al

 

. 2000).
We have demonstrated previously that iron deprivation can specifically induce apoptosis

(Kovar 

 

et al

 

. 1997a). Some types of cells are sensitive to apoptosis induction by iron deprivation,
whereas other types of cells are resistant. It seems that most of the cells sensitive to apoptosis
induction by iron deprivation are of haematopoietic origin, particularly of B-cell origin. On the
other hand, cells of solid tumours seem to be resistant (Kovar 

 

et al

 

. 2001). Recently, we have
demonstrated that apoptosis induced by iron deprivation in mouse B-cell lymphoma 38C13
is independent of the p53 pathway (Truksa 

 

et al

 

. 2003) and dependent on the activation of
executioner caspase-3 (Koc 

 

et al

 

. 2005).
Human Raji cells (Burkitt’s lymphoma) have been previously found to be sensitive to apoptosis

induction by iron deprivation (Kovar 

 

et al

 

. 2001). In the present study, we tested the effect of iron
deprivation on cell-death induction in Raji cells pre-adapted to differing availability of external
iron. We demonstrated that iron deprivation induces caspase-3 activation-related death in Raji cells
previously cultured in medium containing a near-optimum level of the iron source. However,
surprisingly, Raji cells pre-adapted to culture in low levels of external iron became resistant to the
induction of cell death by iron deprivation. Furthermore, these resistant cells again became sensitive
to iron deprivation when readapted to the original more favourable availability of external iron.

 

MATERIALS AND METHODS

 

Materials

 

Human transferrin (apotransferrin) from Sigma-Aldrich (St. Louis, MO, USA) was rendered
iron saturated as described previously (Kovar & Franek 1989). Primary antibodies used for
Western blot analysis: rabbit polyclonal cleaved caspase-3 (Asp175) antibody against human
caspase-3 and rabbit polyclonal caspase-6 antibody against human caspase-6 from Cell Signalling
Technology (Danvers, MA, USA), mouse monoclonal antihuman/mouse caspase-7 antibody
(MCH3101.62) against human caspase-7 from RD System (Minneapolis, MN, USA), mouse
monoclonal anti-poly-ADP ribose polymerase (PARP) antibody (CZ-10) against human PARP
from BD Pharmingen (San Diego, CA, USA), rabbit polyclonal lamin A (H-102) antibody
against human lamin A from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and mouse
monoclonal TU-01 antibody against human 

 

α

 

-tubulin from Exbio (Prague, Czech Republic).
Goat antimouse IgG and antirabbit IgG horseradish peroxidase-conjugated secondary antibodies
from Santa Cruz Biotechnology were used.
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Cell lines

 

We used the human Burkitt’s lymphoma cell line Raji and its Raji/lowFe and Raji/lowFe-re
derivatives. Raji/lowFe cells were derived from Raji cells, normally cultured in the medium
containing transferrin (5 

 

µ

 

g/ml) as a source of iron, by culture in the medium with decreasing
concentration of ferric citrate (from 500 

 

µ

 

m

 

 to 50 

 

µ

 

m

 

) as a source of iron. Raji/lowFe-re cells
were derived from Raji/lowFe cells by re-adaption to culture in the medium containing transferrin
(5 

 

µ

 

g/ml) as a source of iron. Raji cells, as described previously (Kovar 

 

et al

 

. 2001), and
readapted Raji/lowFe-re cells are sensitive to death induced by iron deprivation. Derived Raji/
lowFe cells are resistant. Approximately 30–50% of sensitive Raji cells display cell death
features after 48 h under iron deprivation conditions and they die more or less completely within
96 h. Resistant Raji/lowFe cells do not show any sign of cell death during 96 h of incubation
under iron deprivation. Cells were routinely tested for mycoplasma contamination using the
fluorescent Hoechst 33258 staining method (Chen 1997).

 

Culture media and culture conditions

 

Defined serum-free media were used. Transferrin medium was a basic medium supplemented
with 5 

 

µ

 

g/ml of iron-saturated human transferrin and similarly low-iron medium was supplemented
with 50 

 

µ

 

m

 

 ferric citrate as a source of iron. Iron-free medium was a basic medium without
any iron compound added. The basic medium was RPMI 1640 containing extra 

 

l

 

-glutamine
(300 

 

µ

 

g/ml), sodium pyruvate (110 

 

µ

 

g/ml), penicillin (100 U/ml), streptomycin (100 

 

µ

 

g/ml),
Hepes (15 m

 

m

 

), ethanolamine (20 

 

µ

 

m

 

), ascorbic acid (20 

 

µ

 

m

 

), hydrocortisone (5 n

 

m

 

), 11 trace
elements, as described previously (Kovar 1988; Kovar & Franek 1989), and 2-mercaptoethanol
(50 

 

µ

 

m

 

). In these experiments, media with an iron source represented control culture conditions
and iron-free medium represented iron-depriving conditions. Cells were incubated at 37 

 

°

 

C in a
humidified atmosphere of 5% CO

 

2

 

.

 

Cell growth and survival experiments

 

Cells maintained in the relevant culture medium were harvested by low-speed centrifugation,
washed with iron-free medium and then seeded at 1 

 

×

 

 10

 

4

 

 cells/100 

 

µ

 

l of relevant medium into
wells of a 96-well plastic plate. Cell growth and survival were evaluated after 24, 48, 72 and 96 h
of incubation. The number of living cells was determined by haemacytometer counting after
staining with trypan blue, or were assessed employing the MTT method (Kovar 

 

et al

 

. 1997b).

 

Iron deprivation experiments

 

Cells previously maintained in iron-containing medium were harvested by low-speed centrifu-
gation, washed with iron-free medium and seeded at 2 

 

×

 

 10

 

5

 

 cells/ml of iron-free medium (iron
deprivation) and relevant iron-containing medium (control) into plastic culture flasks. The effect
of iron deprivation on the tested characteristics was determined after 48 h of incubation. It has
been shown previously that a significant portion (up to 50%) of the sensitive Raji cells undergo
cell death within 48-h incubation under iron deprivation.

 

Measurement of caspase-3 and caspase-6 activities

 

Commercial colourimetric kits Caspase-3 Assay Kit from Sigma (St. Louis, MO, USA) and
Caspase-6 Colorimetric Assay Kit from Alexis Biochemicals (Nottingham, UK) were used.
Cells (approximately 5 

 

×

 

 10

 

6

 

 cells per sample) were harvested by low-speed centrifugation and
washed with phosphate-buffered saline (PBS). The cell pellet was lysed in 50 

 

µ

 

l of the lysis buffer
from the relevant kit for 10 min at 4 

 

°

 

C. Crude cell lysate was centrifuged and the supernatant
was collected into a fresh, new Eppendorf tube. Total protein content was determined by the



 

554

 

M. Koc 

 

et al.

 

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd, 

 

Cell Proliferation

 

, 

 

39

 

, 551–561.

 

bicinchoninic acid assay (Smith 

 

et al

 

. 1985) and samples were then frozen at 

 

−

 

80 

 

°

 

C until further
analysis. Samples (80 

 

µg of total protein per sample) were incubated in 96-well microplates for
2 h at 37 °C. The activity of caspases was determined as the absorbance of a sample at 405 nm
using a Sunrise enzyme-linked immunosorbent assay Reader (Tecan, Maennedorf, Switzerland).

Whole cell lysate preparation
Cells (approximately 107 cells per sample) were harvested by low-speed centrifugation and
washed twice with PBS. The cell pellet was lysed in 50 µl of Triton lysis buffer (1% Triton X-
100, 0.15 m NaCl, 1 mm ethylenediaminetetraacetic acid, 30 mm NaF, 20 µm leupeptin, 1 mm

phenylmethanesulfonyl fluoride, pH 7.6) for 10 min on ice. Crude cell lysate was centrifuged
(20 000 g, 15 min, 4 °C). The supernatant was collected into a fresh new Eppendorf tube and
frozen at −80 °C until further analysis. Total protein content was determined by the bicinchoninic
acid assay (Smith et al. 1985).

SDS-PAGE and Western blot analysis
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis
were performed similarly as described previously (Koc et al. 2005). Briefly, protein samples
(100 µg) were heated for 5 min at 100 °C in the sample loading buffer (62.5 mm Tris, 10% glycerol,
2% SDS, 5% 2-mercaptoethanol, 0.05% bromphenol blue). Samples were run at a constant current
of 0.03 A for 1 h, employing mini-Protean 3 (Bio-Rad Laboratories, Hercules, CA, USA), on 12%
polyacrylamide gel (4% polyacrylamide stacking gel). Proteins separated by SDS-PAGE were
blotted on to 0.2 µm Protran nitrocellulose membrane from Schleicher & Schuell BioScience
(Dassel, Germany) for 1 h at a constant current of 0.25 A, using Mini Trans-Blot Cell from
Bio-Rad Laboratories (Hercules, CA, USA). The membrane was blocked with 5% nonfat milk
in Tris-buffered saline (TBS) for 30 min and then was washed with 0.1% Tween/TBS three times.
The washed membrane was incubated overnight at 4 °C with the relevant primary antibody
(0.5 µg/ml of TBS containing 1% non-fat milk and 0.1% Tween). After the incubation, the membrane
was washed with 0.1% Tween/TBS three times. The washed membrane was incubated for 1 h with
corresponding horseradish peroxidase-conjugated secondary antibody (1 : 10 000 in TBS contain-
ing 1% non-fat milk and 0.1% Tween). The membrane was then washed with 0.1% Tween/TBS
three times. Horseradish peroxidase-conjugated antibody was detected by enhanced chemilu-
minescence using the enhanced chemiluminescent (ECL) chemiluminescence reagent from
Pierce Biotechnology (Rockford, IL, USA) and CCD camera LAS1000 (Fuji, Shizuoka, Japan).

RESULTS

Raji/lowFe and Raji/lowFe-re cells
Raji cells were previously adapted to long-term culture in a chemically defined culture medium
with 5 µg/ml of iron-saturated human transferrin (transferrin medium) as a source of iron (Kovar
et al. 1994). In the next step, these Raji cells were adapted during eight passages to long-term
culture in the medium with 500 µm ferric citrate as a source of iron instead of transferrin. We
have previously demonstrated that proliferation characteristics of cells cultured in transferrin
medium (5 µg/ml of transferrin) and in the medium with 500 µm ferric citrate are very similar
and near optimum (Kovar et al. 1997b).

In order to derive Raji cells capable of growing with a limited supply of iron, we started with
Raji cells adapted to the medium with 500 µm ferric citrate, and employed subsequent adaptation
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(eight passages) via 200 µm and 100 µm ferric citrate. Finally, we derived Raji cells adapted to
long-term culture in the medium with 50 µm ferric citrate as a source of iron (low-iron medium).
These Raji cells were called Raji/lowFe. Raji/lowFe cells were again readapted during eight
passages to long-term culture in transferrin medium. These readapted Raji/lowFe cells were
called Raji/lowFe-re (Fig. 1).

Growth and survival under iron deprivation
We tested the growth and survival of Raji cells (routinely maintained in transferrin medium) in
iron-free medium. Transferrin medium was used as a control medium. Raji cells started to die
within 48–72 h of incubation in iron-free medium. After 72 h, a significant fraction of the cells
were dead, and after 96 h, only a few of Raji cells were alive. The number of living cells in control
transferrin medium increased approximately threefold within 96 h of incubation (Fig. 2a).

In the next step, we compared the growth and survival of Raji cells (maintained in transferrin
medium), Raji/lowFe cells (adapted to low-iron medium) and Raji/lowFe-re cells (re-adapted to
transferrin medium) in iron-free medium. Both Raji cells and Raji/lowFe-re cells were dying in
a similar manner during 96-h incubation in iron-free medium. In contrast, the number of living
Raji/lowFe cells in iron-free medium increased several times within 96 h of incubation (Fig. 2b).

Figure 1. Relationships among Raji, Raji/lowFe and Raji/lowFe-re cells. Sources of iron in relevant culture media
are shown. Original Raji cells were cultured in a defined culture medium with 5 µg/ml of iron-saturated human transferrin
as a source of iron. Raji/lowFe cells were derived from original Raji cells by subsequent adaptation to the culture medium
with 50 µm ferric citrate as a source of iron. Raji/lowFe-re cells were derived from Raji/lowFe cells by re-adaptation to
the transferrin-containing (5 µg/ml) medium.
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Effect of iron deprivation on caspase-3/caspase-7 activity
In order to characterize cell death induced by iron deprivation in Raji and in Raji/lowFe-re cells,
we tested the activation of executioner caspases. First, we tested the effect of iron deprivation
on caspase-3 and caspase-7 activity.

The employed colourimetric assay showed that the activity of caspase-3 in both sensitive
Raji and sensitive Raji/lowFe-re cells increased significantly (approximately two- to threefold)
within 48-h incubation in iron-free medium when compared with the incubation in control
transferrin (5 µg/ml) medium. On the other hand, we did not find any significant increase
of caspase-3 activity in resistant Raji/lowFe cells under iron deprivation (Fig. 3a). Western blot
analysis (Fig. 3b) confirmed the activation of caspase-3 in sensitive Raji cells incubated 48 h
under iron deprivation. The large subunit (17 kDa) of active caspase-3 was detected in sensitive

Figure 2. (a) Effect of iron deprivation on the growth and survival of Raji cells. Cells were incubated in iron-free
medium (– Fe) and cells of the control in transferrin (5 µg/ml) medium. Cells were seeded at 10 × 103 cells/100 µl of
medium in the well. The number of living cells was determined by counting (see Materials and methods). The number
of cells of the inoculum is shown as a dotted line. Each column represents the mean of eight separate cultures ± SEM.
(b) Effect of iron deprivation on the growth and survival of Raji, Raji/lowFe and Raji/lowFe-re cells. Cells were
incubated in iron-free medium. They were seeded at 10 × 103 cells/100 µl of medium in the well. The number of living
cells was determined employing the MTT method (see Materials and methods). Each column represents the mean of
eight separate cultures ± SEM.
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Raji cells. Only the inactive precursor (30 kDa) of caspase-3 was found in sensitive Raji cells
and resistant Raji/lowFe cells under control conditions as well as in resistant Raji/lowFe cells
under iron deprivation. Western blot analysis also showed that caspase-7 was not activated in
both cell types under iron deprivation. The large subunit (20 kDa) of active caspase-7 was not
detected. Western blot analysis (Fig. 3c) of caspase-3/caspase-7 substrate PARP showed that
PARP was cleaved only in the case of sensitive Raji cells under iron deprivation when caspase-
3 was activated and cell death was induced.

Effect of iron deprivation on caspase-6 activity
We also tested the effect of iron deprivation on the activity of executioner caspase-6. The
employed colourimetric assay showed that the activity of caspase-6 did not increase significantly

Figure 3. Effect of iron deprivation on caspase-3/caspase-7 activity in sensitive Raji cells, resistant Raji/lowFe
cells and sensitive Raji/lowFe-re cells. Cells were incubated in iron-free medium (– Fe) for 48 h. Raji and Raji/lowFe-
re cells of the control were incubated in transferrin (5 µg/ml) medium and Raji/lowFe cells of the control in low-iron
(50 µm ferric citrate) medium. (a) The activity of caspase-3 was measured as the absorbance of the cleaved product of
a caspase-3 chromogenic substrate at 405 nm employing the commercial colourimetric assay kit (see Materials and
methods). Each column represents the mean of two experimental values ± SEM. The data shown were obtained in one
representative experiment of three independent experiments. (b) The activation of caspase-3 and caspase-7 were assessed
by Western blot analysis, employing specific rabbit polyclonal antibody against human caspase-3 and specific mouse
monoclonal antibody against human caspase-7 (see Materials and methods). Locations of the 17-kDa fragment of active
caspase-3 and of the 30-kDa inactive precursor of caspase-3 are shown. Similarly, locations of the 20-kDa fragment of
active caspase-7 and of the 35-kDa inactive precursor of caspase-7 are shown. Specific mouse monoclonal antibody
against α-tubulin (see Materials and methods) was used to confirm equal protein loading. The data shown were obtained
in one representative experiment of three independent experiments. (c) The activity of caspase-3 was also assessed by
Western blot analysis employing specific mouse monoclonal antibody against specific caspase-3/caspase-7 substrate
PARP (see Materials and methods). Locations of the 86-kDa cleaved fragment of PARP and of the 116-kDa intact PARP
are shown. The data shown were obtained in one representative experiment of two independent experiments.
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in sensitive Raji cells as well as in resistant Raji/lowFe cells within 48-h incubation in iron-free
medium (Fig. 4a). Western blot analysis (Fig. 4b) confirmed that caspase-6 was not activated.
The small subunit (15 kDa) of active caspase-6 was not detected and only the inactive precursor
(35 kDa) of caspase-6 was found in sensitive Raji and resistant Raji/lowFe cells under control
conditions and under iron deprivation. Western blot analysis (Fig. 4c) of caspase-6 substrate lamin
A showed that lamin A was not cleaved in either cell type under iron deprivation conditions.

DISCUSSION

This team has previously shown that iron deprivation specifically induces cell death (Kovar et al.
1997a). We have also demonstrated that some types of cells are sensitive whereas other types
are resistant to cell death induced by iron deprivation. Cells of haematopoietic origin and
particularly those of B cell origin seem to be sensitive (Kovar et al. 2001). Human Raji cells
(Burkitt’s lymphoma) and similarly mouse 38C13 cells (B cell lymphoma) have been found to
be sensitive too (Kovar et al. 2001; Truksa et al. 2003). Cell death induced by iron deprivation
in mouse 38C13 cells has been described as apoptotic cell death related to caspase-3 activation
(Koc et al. 2005).

Figure 4. Effect of iron deprivation on caspase-6 activity in sensitive Raji and resistant Raji/lowFe cells. Cells
were incubated in iron-free medium (– Fe) for 48 h. Raji cells of the control were incubated in transferrin (5 µg/ml)
medium and Raji/lowFe cells of the control in low-iron (50 µm ferric citrate) medium. (a) The activity of caspase-6 was
measured as the absorbance of the cleaved product of a caspase-6 chromogenic substrate at 405 nm employing the com-
mercial colourimetric assay kit (see Materials and methods). Each column represents the mean of two experimental val-
ues ± SEM. The data shown were obtained in one representative experiment of two independent experiments. (b) The
activation of caspase-6 was assessed by Western blot analysis employing specific rabbit polyclonal antibody against
human caspase-6 (see Materials and methods). Locations of the 15-kDa fragment of active caspase-6 and of the 35-kDa
inactive precursor of caspase-6 are shown. Specific mouse monoclonal antibody against α-tubulin (see Materials and
methods) was used to confirm equal protein loading. The data shown were obtained in one representative experiment
of three independent experiments. (c) The activity of caspase-6 was also assessed by Western blot analysis employing
specific rabbit polyclonal antibody against specific caspase-6 substrate lamin A (see Materials and methods). Locations
of the 45-kDa cleaved fragment of lamin A and of the 74-kDa intact lamin A are shown. The data shown were obtained
in one representative experiment of three independent experiments.
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Raji cells sensitive to cell death induction by iron deprivation and newly derived Raji/lowFe
cells, which are resistant to cell-death induction by iron deprivation (see Fig. 1), represent a
unique experimental model for studies concerning the molecular mechanisms involved in cell
death induced by iron deprivation. Both cell types are of the same origin and they differ only in
their sensitivity to iron deprivation. This model enables discrimination between changes coupled
with cell-death induction by iron deprivation and changes resulting just from iron deprivation
but unrelated to cell-death induction (Truksa et al. 2003; Koc et al. 2005).

We demonstrated that cell death induced by iron deprivation in sensitive Raji cells correlated
with the activation of key executioner caspase-3. The cleavage of caspase-3 substrate PARP was
also shown (see Fig. 3). On the other hand, two other executioner caspases, caspase-7 and caspase-
6, were not activated in sensitive Raji cells under iron deprivation (see Figs 3 and 4). Thus, we
can characterize cell death induced by iron deprivation in Raji cells as apoptotic cell death
related to caspase-3 activation, similar to cell death induced by iron deprivation in mouse 38C13
cells. Detailed study has shown that cell death induced by iron deprivation in 38C13 cells
represents apoptosis induced via the mitochondrial pathway (Koc et al. 2005).

When sensitive Raji cells were preadapted to long-term culture in medium with a limited
source of iron (50 µm ferric citrate), the cells (referred to as Raji/lowFe) became resistant to
induction of cell death by iron deprivation (see Fig. 2). This implies that adaptation to the
changed availability of an external iron source resulted in changed sensitivity to death induction
by iron deprivation. More interestingly, when resistant Raji/lowFe cells were re-adapted to long-
term culture in medium with the near optimum source of iron (5 µg/ml of iron-saturated
transferrin) (Kovar et al. 1997b), the cells (referred to as Raji/lowFe-re) again became sensitive
to death induction by iron deprivation (see Fig. 2) and vice versa, sensitive Raji/lowFe-re cells
readapted to low-iron medium (50 µm ferric citrate) again became resistant (data not shown).
Sensitivity to death induction by iron deprivation can thus be changed by the availability of
external iron, reversibly. It can therefore be said that sensitivity of Raji cells to apoptotic cell-
death induction by iron deprivation reflects the particular metabolic status of the cells, concerning
iron utilization, and its change does not involve cell genetic change and subsequent selection of
the adapted clone(s). Similar findings, showing that the sensitivity of cells to the tested death
stimulus reflects the status of the cells, have been presented by several other authors recently
(Hahn & Mayne 2004; Yao et al. 2005). Such findings have probably more general meaning
when considering the sensitivity of certain cells to a specific cell-death stimulus.

We can suggest two possible mechanisms to explain our findings. First, the more general
mechanism is related to the proliferative activity of the cells. One can assume that the faster-
growing cells, that is, cells adapted to growth in the medium with a near optimum source of iron
(5 µg/ml of transferrin), exhaust the internal reserves of required iron under iron deprivation
more rapidly than slowly growing cells; that is, cells adapted to growth in the medium with a
limited source of iron (50 µm ferric citrate). Thus, the cells adapted to the near optimum source
of iron are more sensitive to iron deprivation than those adapted to the limited source of iron.
However, Raji and Raji/lowFe-re cells adapted to near optimum sources of iron do not seem to
grow significantly faster than Raji/lowFe cells adapted to the limited source of iron. The second,
more specific mechanism is related to the possible function of heat shock protein 90 (Hsp90).
It has been demonstrated that transformed haematopoietic cells with increased expression of
Hsp90 are more sensitive to apoptosis induction than cells with decreased expression of Hsp90,
which are relatively resistant to apoptosis induction (Galea-Louri et al. 1996). On the other hand,
several authors have demonstrated that higher levels of iron lead to enhanced expression of
Hsp90 (Fukuda et al. 1996; Nardai et al. 2000). However, the suggested mechanisms are only
speculative and further studies are required to elucidate the real situation.
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Taken together, we can conclude that iron deprivation induces apoptotic cell death in human
Raji cells. The cell death is related to caspase-3 activation but not to caspase-7 and/or caspase-
6 activation. However, the sensitivity of Raji cells to death induction by iron deprivation can be
changed reversibly by external iron availability. Raji cells adapted to a near optimum source of
external iron (5 µg/ml of transferrin) are sensitive to death induction, whereas Raji cells adapted
to a limited source of external iron (50 µm ferric citrate) are resistant. This finding shows that
the sensitivity of cells to a certain cell death stimulus can depend on the particular metabolic
status of the cells.
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