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ABSTRACT

Iron (Fe) is known to be necessary for cellular proliferation. Previous
studies have suggested that neuroblastoma cells appear to be relatively
sensitive to growth inhibition by a specific Fe chelator, deferrioxamine
(DFO), in vitro. Also, DFO has been recently used for the treatment of
neuroblastoma patients. In this paper we demonstrate that neuroblastoma
cell proliferation in vitro is extremely sensitive to inhibition by DFO as
compared to another cell line with almost identical growth kinetics. Neu
roblastoma cells treated with DFO adapt appropriately to Fe chelation as
measured by marked upregulation of transferrin receptor mRNA, in
creased functional transferrin receptor, and decreased cellular ferritin
concentration. Further studies that quantitated cellular incorporation of
"Fe from added transferrin-s"Fe in the presence of DFO indicated that

neuroblastoma cells were more sensitive to inhibition of Fe incorporation
by the chelator as compared to the other cell line. Neuroblastoma cells
treated with DFO showed a consistent arrest in the <., phase of the cell
cycle. For cells taken from the "resting" state this block occurred before

the vast majority of cells had entered S or (. --M phases of the cell cycle.
Further evidence that neuroblastoma cells were arrested before the (. ,-S

interface was provided when cells inhibited by DFO and released into
aphidicolin exhibit arrest at the G|-S interface, whereas release from
aphidicolin into DFO resulted in entry into S phase. Also, DFO-treated
cells exhibited a decrease in both p34"/r-Ã®immunoreactive protein as well

as kinase activity. The results of these latter studies strongly indicate
evidence for a Fe requirement for malignant cell proliferation before the
onset of DNA synthesis. Our results also provide a basis for further studies
that will better define a therapeutic approach to patients with neuroblas
toma utilizing DFO treatment.

INTRODUCTION

Fe is an essential requirement for cellular proliferation (1). Fe
uptake by proliferating cells is mediated by the binding of Tf3, the

plasma Fe transport protein, to specific cell surface receptors (2â€”4).
Once Tf-Fe is internalized, Fe is released into the cytosol, and apo-Tf
is recycled back to the cell surface (4-6).

Intracellular Fe is briefly found in a cytosolic "chelatable" Fe pool

where it may be supplied to enzymes for Fe-requiring processes or

sequestered by ferritin, the Fe storage protein (6). This pool also
supplies Fe to intracellular Fe binding protein(s) that mediate the
coordinate regulation of Tf receptor and ferritin synthesis at the trans-
lational level (7, 8). Thus, Fe uptake that exceeds the cells' needs

results in increased ferritin synthesis and decreased Tf receptor ex
pression (7, 8). An increased Fe requirement, such as occurs during
cellular proliferation or with a treatment that depletes cellular Fe,
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results in increased Tf receptor expression (allowing for increased Fe
uptake) and decreased ferritin.

A relatively large body of evidence indicates that either, all, or part
of the Tf-Fe requirement for cellular proliferation is related to a
requirement for DNA synthesis (9-12). Agents that interfere with Fc

metabolism have been shown to inhibit cellular proliferation. One
such agent is DFO, a Fe chelator that depletes intracellular Fe with a
preference for removal of Fe in the "chelatable" pool rather than the

protein-bound pool (6, 7. 13). The result is the subsequent release of

ferrioxamine to the extracellular milieu (13).
DFO has been shown to have antiproliferative effects on a number

of cell lines in vitro including various carcinomas, hepatoma, leuke
mia, and neuroblastoma cells (14-18). However, concentrations of

DFO that usually are utilized to cause inhibition in vitro (i.e., >5() /J,M)
cannot be maintained safely in vivo. Also, most in vitro studies meas
ure the effects of the chelator under relatively Fe-poor conditions, i.e.,

medium containing 10% PCS, where the PCS Tf has a poor affinity
for human Tf receptor (19). However, the effects of DFO on inhibition
of neuroblastoma cell growth have generated considerable interest
since: (a) neuroblastoma cells, in fact, appear to be relatively sensitive
to growth inhibition by this agent in vitro (17, 18, 20); and (b)
treatment with combination chemotherapy for this common childhood
tumor has been relatively unsuccessful as compared to treatment of
other cancers in children (21). Therefore, several pilot studies for DFO
treatment of children with disseminated neuroblastoma have been
initiated. One published report utilizing the drug as a single agent
resulted in objective, albeit short lived, responses (22). Since the use
of DFO in the treatment of neuroblastoma has important clinical
implications, we have chosen to study this agent in vitro in order to
gain more information concerning Fe control of neuroblastoma cell
proliferation. The results indicate that the sensitivity of a neuroblas
toma cell line to DFO is directly related to inhibition of cellular Fe
uptake. Furthermore, as previously shown for normal human T-lym-

phocytes (23), neuroblastoma cells appear to be particularly sensitive
to growth arrest by DFO at a point in the cell cycle before the
initiation of DNA synthesis.

MATERIALS AND METHODS

Materials. Human apo-Tf and ferric chloride were purchased from Sigma
Chemical Company (St. Louis, MO). 5''FeCli was obtained from Amersham

Corp. (Arlington Heights, IL). Saturation of apo-Tf with v'Fe and iodinution of
59Fe-Tf were performed as previously described (2, 3). Preparation of Fe-

citrate was also performed as described previously (24). DFO was obtained
from Ciba-Geigy Canada (Mississauga, Ontario). The DFO was reconstituted

in H2O (as the manufacturer suggests) so that a stock solution could be made
containing a 50 HIMconcentration of the agent. Hydroxyurea (Hydrea) was
obtained from Bristol-Myers Squibb Pharmaceuticals. A 5()()-mg capsule was

reconstituted in 65.8 ml of sterile PBS to make a 100 mM solution which was
then diluted 1:10 with PBS for a 10 mm final concentration that was used as
stock. Aphidicolin (Sigma) was prepared as a 1-mg/ml stock solution in 70%

(v/v) ethanol (23).
Preparation of Tf and Fe Analysis. Nonradioactive Tf-Fe was prepared as

previously described (2, 3, 25). For the experiments described in this paper, as
an extra step, the Tf with bound Fe was elutcd on a 5-ml column of Sephadex
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G50. In this way it was possible to obtain a stock solution of the various Tf trifugation at 10,000 X g in a J21 centrifuge, and the cytoplasmic supernatant
forms without any contamination with excess non-Tf-bound metal. As with

previous studies, Fe contamination of various preparations was determined
utilizing atomic absorption spectroscopy (3, 24, 25). We determined that the

tissue culture medium (RPMI 1640, Grand Island Biological Company, Grand
Island. NY) with 10% PCS contained approximately 2 JU.MFe with 1.4 /UMFe
specifically contaminating the RPMI medium, indicating that this represented
Fe not bound to Tf.

Cells and Cell Growth Studies. Human neuroblastoma cells (SKN-SH,
American Type Culture Collection HTB-11) and glioblastoma cells (T98G,

American Type Culture Collection CRL1690) were maintained as stock cul
tures in RPMI 1640 and 10% FCS. The cells are grown in monolayer and
require serum for adhesion. Unless otherwise stated they are grown in the same
medium for the experiments cited below. After subculture under optimal tissue
culture conditions, both sets of cells proliferate relatively rapidly (i.e., doubling
time 2 days or less). However, once the cells reach a state of confluence,
"contact inhibition" in the tissue culture flask, the cells can be maintained in

culture for 2 additional days with minimal cell death evident (greater than 95%
of cells viable) but more than 80% of the cells consistently found in G, phase
of the cell cycle. In particular, the T98 glioblastoma cell line has been previ
ously described as an example of a malignant cell line that exhibits significant
growth control (26). Changes in cell growth were assessed by cell counts using
a hemocytometer as previously described (2, 3, 25). Cellular protein determi
nations were performed using the BioRad assay. Cell cycle analysis was
performed as previously described using staining with propidium iodide and
analysis by fluorescent activated cell sorter (3, 6, 24, 25). Unless otherwise
stated, for the studies described below, only cells with >90% viability as
previously determined using trypan blue exclusion were used (3, 6, 24, 25).

Measurements of Tf Receptor mRNA. Measurements of Tf receptor
mRNA were performed as previously described (27). When comparing differ
ences in specific message content, the appropriate band on the autoradiograph

was assessed by densitometry. Each sample had 10 /xg of the RNA applied as
determined by absorbance. and uniformity of the applied RNA was confirmed
as previously described (27).

I25l-Tf Binding Studies. These studies were performed as previously de

scribed (3, 16). Cells containing the various additives to medium were grown
in monolayer in 6-well tissue culture plates (10 cirr/well). For these experi

ments the medium was decanted, and the cells were preincubated for 30 min
al 37Â°C.This step was performed as previously described to deplete the cells

of any receptor-bound Tf and made available all the Tf binding cites to the
125I-Tf (3, 24, 25).

After the prcincubation, cells were washed once more with 37Â°CPBS-BSA

and then resuspended in 1 ml of the same buffer. I25l-Tf binding studies were

performed on these cells utilizing our previously described assay (3, 26).
Incubations were carried out at 37Â°Cfor one-half h, a time when equilibrium

of binding was reached. Specific binding was determined, and maximal Tf
binding (as ng/10" cells) was calculated according to our previously described

methodology (3, 24, 25).
59Fe-Tf Uptake Studies. 5"Fe-Tf (9 Â¡ngof Tf/ml) was added to cells sub-

cultured in medium containing the various conditions as previously described
(25). These 5''Fe incorporation studies were performed in triplicate in either

10-cm- wells or in 75-cm2 flasks (25). Incorporation measured in the presence

of DFO utilized a 24-h incubation, whereas a 6-h incubation after DFO was

removed was utilized for studies that measured the effects of the chelator on
functional Tf receptor. "Background" incorporation was also accounted for by

using a flask containing the same medium additions, but the wFe-Tf was added

for 1 min instead of 6 or 24 h. After the incubation, the medium was decanted,
the flask was washed once rapidly with PBS which was decanted, and a second
volume of PBS was added for 30 min at 37Â°C.This latter step was performed

to dissociate any radioactive Fe not incorporated into cellular protein, includ
ing 59Fe-Tf bound to surface receptors, as well as intracellular radioactive Fe

chelated by the DFO that would be allowed to diffuse back into the medium.
The PBS-BSA was decanted, fresh PBS-BSA was added, and the cells were

harvested with a rubber policeman. Cell counts were then performed as pre
viously described, and the radioactivity was counted.

Measurements of Cellular Ferritin Content. Cells grown under different
conditions were washed with PBS-BSA, harvested with a rubber policeman,
and resuspended in 1 ml of PBS-BSA containing 0.01% Triton X-100. The
cells were disrupted by sonication, the cellular debris was removed by cen-

was assayed for ferritin content as previously described using a double-anti

body radioimmunoassay (Amersham Corp.) (4, 25, 28). The immunoassay for
cellular ferritin content is indirect, but it is the best measure of cellular Fe
uptake over time. Thus, compared to changes in Tf receptor biosynthetic rates
that correspond to changes in mRNA levels, the increase in ferritin biosynthe
sis seen with increased cellular Fe incorporation (or decreased Fe utilization)
is not accompanied by changes in the ferritin mRNA levels, but rather results
in increased translation of the mRNA (6â€”8).The rale of ferrilin degradation is

slow (i.e., t,. about 24 h) and does not change with increased Fe incorporation.
It increases with DFO treatment, but by only about 30% with 100 JXMDFO
(29). Therefore, although the immunoreactive ferritin determination may not
directly correlate with the rate of ferritin synthesis or may vary somewhat with
changes in ferritin subunit composition, immunoreactive cellular ferritin de
terminations have been utilized by us and others to assess cellular Fe incor
poration and utilization over time (i.e., 24 h or more) (4, 6, 24 ,25, 28).

Immunoblot Analysis. For use in immunoblot analysis, cells were washed
with PBS and then lysed at 4Â°Cin a buffer containing 25 mMTris-HCl, pH 7.4,

50 mM NaCI, 0.5% sodium deoxycholate, 2% Nonidet P-40, 0.2% sodium

dodecyl sulfate. 1 niMphenylmelhylsulfonyl fluoride. 50 fig/ml of aprotinin, 50
(UMleupeptin, and 100 /IM sodium orthovanadate. After removal of cellular
debris by centrifugalion, lysates were prepared for electrophoresis as described
by Laemmli (30). In general, amounts of extract loaded to gel lanes were
normalized to total protein amount. After electrophoretic transfer of proteins to
nitrocellulose and blocking the filters with a solution containing BSA, filters
were incubated with appropriate primary antibody. For detection of true
p34"''-, the antibody used was the affinity-purified rabbit polyclonal antibody

preparation G6, which was a kind of gift of Dr. Giulio Draetta (EMB Labo
ratory, Heidelberg, Germany). It was prepared against the carboxyl-terminal
sequence of p34"''-, (C)DNQIKKM. Specific reactive bands were detected

using a goat anti-rabbit antibody conjugated to alkaline phosphatase. Devel
opment was by the method using the colorogenic substrates bromochlor-

oinkolyl phosphate and nitroblue tetrazolium (23).
Histone HI Kinase Assay. The method was similar to that of Howe et al.

(31). Extracts of cells incubated for 24 h with or without DFO (10 JIM) were
prepared using a buffer: 50 mM Tris hydroxide (pH 7.4):5 niM EDTA:250 mM
NaCl:l% Nonidet P-40. Extracts were incubated with recombinant p 13â„¢""

protein conjugated to Scpharose beads for 1 hr at 4Â°C.The pelleted beads were

washed once with the same buffer and twice with kinase buffer. The reaction
mixture containing 5 /xCi of ['2P]ATP was added at this time and incubated for
15 min at 30Â°C.and the reaction was stopped by the addition of 3 x SDS-

PAGE sample buffer. The samples were boiled for 5 min. Proteins were
separated by SDS-PAGE, and phosphorylated substrate histone H was identi

fied by autoradiography.

RESULTS

Comparison of the Effects of DFO on Inhibition of Cellular
Proliferation of Neuroblastoma and Glioblastoma Cell Lines. Fig.
L4 shows the effects of increasing doses of DFO on cellular prolif
eration of the neuroblastoma cell line at various times after subculture.
Treatment with 10/j.MDFO resulted in complete inhibition of cellular
proliferation at Day 2 and, by Day 5, cell counts were lower than the
starting value (indicating cell death). The lowest dose of DFO used (4
JU.M)overestimates the effective dose, since about 1 to 2 /MMnon-Tf-

bound Fe present in the medium would be available for binding to a
high percentage of the added DFO and effectively decrease the dose
delivered to cells. Fig. IB shows the effects of the same doses of DFO
on cellular proliferation of the glioblastoma cell line (T98). The rate
of proliferation for untreated cells is similar to the curve obtained with
neuroblastoma (Fig. \A ) with cells almost doubling in number by Day
2 and proceeding through about two more doublings by Day 5. How
ever, glioblastoma cells are less sensitive to inhibition of cellular
proliferation by DFO. A 20 Â¡JMconcentration resulted in about 55%
inhibition of proliferation at Day 5 postsubculture. Day 5 cell counts
consistently below the starting value (cell death) were seen only with
the highest dose (100 JLLM)of DFO.
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DAY
0.8-1

B

showed decreased immunoreactive ferritin and increased Tf receptor
expression measured by both mRNA and ' 25I-Tf binding. As shown in

Fig. 2, increased receptor should allow for increased cellular incor
poration of Fe from Tf-Fe and may explain why neuroblastoma cells

exposed to the 4 JLIMDFO and glioblastoma cells treated with 4 and 10
JIM show "recovery" from inhibition of proliferation (see Fig. 1).
However, when the Tf-59Fe is coincubated with 10 Â¿AMDFO for the

last 24 h of a 48-h exposure, both cell lines exhibit a marked decrease

in Fe incorporation because of chelation by DFO. For the neuroblas
toma cells the decreased incorporation is significantly worse (P <
0.02) than the decrease seen for glioblastoma and may explain the
increased sensitivity of neuroblastoma cells to inhibition of prolifer
ation. Decreased cellular Fe incorporation may also explain why neu
roblastoma cells treated with 10 /XMDFO show relatively increased Tf
receptor message and increased functional Tf receptor expression as
compared to glioblastoma cells treated with 10 Â¡J.MDFO (Table 1; Fig.
2 and 3).

Since 10 juin DFO profoundly inhibits cellular Fe incorporation
when a trace dose of human Tf-Fe is added to the medium, the

following limited studies were performed, (a) The addition of 20 JU.M

400 -i

C
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E
o

300-

DAY
Fig. 1. Daily cell counts performed for the 5 days after subculture of neuroblastoma (A )

and glioblastoma (B) after no treatment (â€¢)and DFO at 4 (O), 10 (â€¢),20 (D), 40 (A),
and I(K) (A) Â¡IM.Each point represents the mean of triplicate (or for Days 3 and 4.
duplicate) determinations; the SDs for the triplicate determinations were less than 10% of
the mean. Error bars are not included for aesthetic reasons.

Adaptations of Neuroblastoma and Glioblastoma Cells to Fe
Depletion. Since neuroblastoma cells are more sensitive to growth
inhibition by DFO, studies were performed to determine if this sen
sitivity is due to a lack of adaptation to Fe depletion. In Fig. 2 both cell
lines were subjected to treatment with various concentrations of DFO
for 24 h, the media were removed, and 59Fe uptake from Tf-59Fe was

performed in order to assess functional Tf receptor. Fe depletion is
associated with increased expression of Tf receptor. Thus, both cell
lines exhibited the expected adaptation to Fe depletion by increased
59Fe incorporation after prior exposure to DFO. The neuroblastoma

cells after treatment with 4 JXMand 10 /J.MDFO show a greater
proportional increase as compared to glioblastoma.

Fig. 3 shows the effects of DFO treatment on cellular ferritin
content for both cell lines. Cellular ferritin content is inversely related
to Tf receptor expression (discussed above); the immunoreactive cell
ular ferritin content reflects changes in cellular Fe uptake and/or
cellular Fe utilization over time. As shown in the figure, increasing
doses of DFO result in the expected adaptation to Fe depletion by
decreased cellular ferritin content for both cell lines. As with Tf
receptor expression, the degree of decrease seen at the two lowest
doses of DFO was worse for neuroblastoma than glioblastoma. The
ferritin content of glioblastoma cells with or without DFO treatment is
higher than that of neuroblastoma. This difference in immunoreactive
ferritin content may reflect subtle differences in subunit composition
(I.e., more H chain subunits in neuroblastoma ferritin) (28) or in
creased utilization of Fe by the neuroblastoma cells.

Table 1 shows the effects of a fixed dose of DFO ( 10 /XM)on various
parameters. As expected, because of increased Fe requirements during
proliferation, particularly with DFO treatment, both sets of cells
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Fig. 2. Specific cellular incorporation of 5*'Fe from ?IÃ•Fe-Tfafter neuroblastoma

(â€¢)and glioblastoma (D) had been treated for 24 h with various concentrations of DFO.
For these experiments, the DFO was removed, and uptake was measured over 6 h. the cells
were counted, and radioactivity was calculated as cpm/10'' cells. The value shown is the

percentage above control (no DFO). The values represent the mean of duplicate samples
with less than 15% variation. The experiment is representative of three experiments that
showed similar results.

100

Fig. 3. Cellular immunoreactive ferritin as ng/100 /xg of protein in neuroblastoma
(â€¢)and gliohlastoma (D) cells following 24-h treatment with various concentrations of

DFO. This is a representative experiment from three experiments with almost identical
results. The points represent the mean of duplicate determinations with less than 20%
variation.
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Table 1 Effects of a fixed dose of DFO (IO fin) on Various Parameters

Timeculture(days)Glioblastoma022Neuroblastoma022DFO(10

(Â¿M)NoYesNoYesImmunoreactiveferritin*(ng/100

(igof
protein)118Â±14t69

Â±1138
Â±731

Â±620
Â±54Â±2Tfreceptort(mRNA)1.02.43.11.02.74.8Maximal125I-Tfbinding(ng/10n

cells)24

Â±443
Â±768
Â±1219Â±641

Â±1084
Â±13Specific5"Fe

uptakefrom
Tf-59Fe(pg/106

cells/24h,Day

1-Day2)66

Â±119Â±459

Â±82.1
Â±4Â§

* Values during proliferation are significantly lower (P < 0.02) than when "resting."

t Values are related to values obtained with cells at Time 0 (assigned 1.0), these are
averages of duplicate determinations.

$ Mean Â±SD of three experiments.
Â§This value is >95% lower than untreated cells, and one of the triplicate values was

lower than "background."

Fe as Fe citrate added to neuroblastoma medium completely reversed
the effects of 10 JAMDFO on inhibition of proliferation, (b) However,
when a physiological concentration of Tf-Fe (500 /xg of Tf/ml or 12

Â¿Â¿MFe) was added to neuroblastoma medium in the presence of 10 JU.M
DFO, proliferation was completely inhibited with cell counts slightly
lower than the starting number at 5 days postsubculture. Thus, since
10 /LIMDFO does not remove Fe from Tf (Ref. 13; Footnote 4;
P. A. S.), the effects of DFO on preferential chelation of Fe entering
the "chelatable" Fe pool (6, 13) are profound enough to inhibit pro

liferation even to the extent that the added human Tf-Fe increases Fe

entering this pool.
Cell Cycle Analysis. Cell cycle analysis was determined on both

cell lines at each day after subculture. It is important to follow cell
cycle and cell counts daily, since an analysis at a single time point may
not reflect sequential changes in progression through the cell cycle or
cell death that involves cells at a specific cell cycle phase. Fig. 4
shows cell cycle analysis for untreated cells, glioblastoma cells treated
with 40 jLiMDFO, and neuroblastoma cells treated with 10 /J.MDFO at
Day 0 and at 1 and 2 days after treatment. These doses of DFO were
chosen since they result in similar inhibition of growth for the period
assessed. At Day 0, both cell lines are mainly in the G, phase of the
cell cycle. At Day 1 when there is only a slight increase in the cell
count and at Day 2 when cell counts have doubled for untreated cells
(see Fig. 1), a large proportion of cells are in active phases of the cell
cycle (S and G2-M phases). Glioblastoma cells treated with the DFO

mainly exhibited arrest at S phase of the cell cycle, and the treated
neuroblastoma cells exhibited arrest at G, phase. Although the cell
counts for both cell lines treated with the respective doses of DFO
were similar at Day 2, there was a marked difference as to the ability
of these cells to recover from the DFO treatment. Thus, when the DFO
was removed at this time point (48 h) and fresh medium was added,
glioblastoma cells recovered rapidly, exhibited an increase in cell
number within 24 h and, within 3 days, cell counts were 80% of
untreated (control) cell counts at 5 days postculture. Neuroblastoma
cells still exhibited significant inhibition of proliferation 3 days after
the removal of the DFO with cell counts 30% of the control value
(only slightly above the original number of cells). Glioblastoma cells
continuously exposed to 40 JUMDFO by Day 5 after subculture ex
hibited a slight increase in cell number as compared to Day 2 (see Fig.
1), but proliferation was still inhibited by 80% as compared to the
increase in counts for untreated cells. A large proportion of cells were
(arrested) in S phase. By 5 days of treatment, neuroblastoma cells had
lower cell counts than the initial plating density, and the cells were still

almost exclusively found in G] phase of the cell cycle. The dose of
DFO that causes death of glioblastoma cells at Day 5 (100 Â¡J.M)also
resulted in cells that were mainly in G! phase of the cell cycle at Day
5 after subculture. However, analysis of these cells showed significant
S-phase arrest at Day 2 (data not shown).

Both sets of cells were plated during the exponential phase of
growth, i.e., untreated cells taken at Day 2 in Fig. 4, as compared to
the Day 0 "resting" cells, and exposed to 20 JU.MDFO. For the first 2

days of culture when untreated cells will have more than doubled in
number, both cell lines are equally sensitive to DFO (about 30%
inhibition of cell growth as compared to control) with 20 /J.MDFO.
Both sets of cells at 2 days after treatment show significant S-phase

arrest as compared to control. With continued exposure to DFO for 2
additional days, glioblastoma cell counts increase slightly, but cells
are still arrested in S phase and inhibition of proliferation is now 60%
as compared to untreated cells that have doubled again in number.
With 4 days of exposure, neuroblastoma cell counts are 20% lower
than the counts obtained 2 days earlier (indicative of cell death), and
cells are almost exclusively in G, phase of the cell cycle (85% of
cells).

All these results taken together suggested that, when neuroblastoma
cells exhibited inhibition of proliferation in the presence of DFO, a
block occurred some time in G, phase of the cell cycle. Since results
suggested that this block occurred before the initiation of DNA syn
thesis, we performed studies with aphidicolin at a dose (5 /ng/ml) that
completely inhibits DNA polymerase and arrests cells at the G,-S

boundary (32). Neuroblastoma cells treated with aphidicolin show the
expected form of arrest with 86% of cells presumably blocked at the
G|-S interface after 24 h of treatment (Fig. 5A). Cells released from

the aphidicolin by having fresh medium with no additional added
showed an increase in S-phase cells (from 4% to 21%) by 6 h, and by

24 h after release, cell counts increased by 30% and the cells showed
evidence for a progression through the cell cycle with a large number
of cells in S and G2-M phases (45% of cells; Fig. 5Â£).Cells released

from aphidicolin into medium containing DFO also showed an in
crease in S-phase cells by 6 h. However, at 24 h there was only a slight

(<10%) increase in cell counts, and 40% of cells were in early and

Glioblastoma

1

Neuroblastoma

1

F

L

4 Unpublished data.

Relative DNA content

Fig. 4. Cell cycle changes in glioblastoma and neuroblastoma cells at Time 0 (/) and
for 1 and 2 days after subculture in fresh medium (2 and 3, respectively) or medium with
added DFO (4 and 5). Day 0 cells had, respectively, 86% (glioblastoma) and 83%
(neuroblastoma) cells in G|. Glioblastoma cells were treated with 40 ^LMDFO. while
neuroblastoma cells were treated with 10 p.M DFO. The different doses were chosen
because they cause equal inhibition of proliferation by Day 2 for the different cell lines
(see Day 2 cell counts in Fig. 1). However, the cell cycle distribution associated with DFO
treatment is different. Glioblastoma, Day 2 control, G,, 68%; S, 21%; G2-M, 10%; Day
2 DFO treatment, G,, 56%; S, 39%; G2-M, 5%; neuroblastoma, Day 2 control, G,, 62%;
S, 29%; G2-M, 10%; and Day 2 DFO treatment, G,, 84%, S, 10%, G,-M, 6%.

3971

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/17/3968/2451342/cr0530173968.pdf by guest on 19 M

ay 2023



NKUROBLASTOMA SENSITIVITY TO IWFERRIOXAMINK

Relative DNA content
Fig. 5. Cell cycle analysis of neurohlastoma cells after 24-h treatment with aphidicolin,

5 fig/ml (A ), or DFO, 10 /AM(R). Then the medium was changed, and the cells were
assessed24 h later under the following conditions: from aphidicolin to DFO (C) or to
control (/â€¢.");from DFO to aphidicolin (/)) or control (F).

protein at Day 1 as compared to control, but this effect is not dose
related (Fig. M ). For ncuroblastoma cells, treatment with DFO re
sulted in a dose-related decrease in protein. With the lower doses of

DFO there Â¡sasimilar amount of protein as with resting cells, and with
higher doses of DFO there is an actual decrease in the protein level as
compared to resting cells, perhaps indicative of either increased deg
radation or, more likely (33), continued degradation at the same rate
in the face of markedly decreased synthesis. Since the total p34"A-

kinase protein does not always reflect activity. Fig. 7 shows kinase
activity in control and DFO-treated neuroblastoma cells. The marked

mid-S phase of the cell cycle (Fig. 5C). Neuroblastoma cells initially
exposed to 10 /AMDFO for 24 h showed 88% of cells "arrested" in the

G, phase (Fig. 5B). When these cells have the chelator removed and
fresh medium with no addition is added, there is no change in cell
cycle distribution at 6 h, by 12 h increased numbers of cells have
entered S phase, and by 24 h recovery is evident in that cell counts
increase by 22%, and 40% of cells are found in S and G2-M phases

(Fig. 5); Day 5 cell counts are the same as the control, indicating that
the effects of DFO are completely reversed after this 24-h incubation.

Lastly, cells released from DFO into medium containing aphidicolin
showed no significant change in DNA histogram at 6 and 24 h indic
ative of arrest at the aphidicolin block, G,-S phase (Fig. 5D), with
<15% of cells in S or G2-M phases of the cell cycle. These results
strongly indicate that the DFO block occurs in G, phase before G,-S

phase since: (a) at early time points after release into fresh medium,
entrance of cells into S phase occurs more rapidly after the block with
aphidicolin than with DFO; and (b) at 24 h treatment with DFO after
release from aphidicolin clearly shows entry of cells into S phase of
the cell cycle, whereas release from DFO into aphidicolin allows for
cells to be blocked at the G,-S interface.

Since the above data indicate that DFO caused arrest of neuroblas
toma cells at a point before initiation of DNA synthesis, further
determinations measuring the cdc2 protein product, p34"''2 protein
kinase, were performed. For cell lines that exhibit "growth control,"

p34"''J protein increases markedly in late G, prior to G,-S phase (23,

33), and the kinase activity of the protein starts to increase somewhat
later, peaks at G2-M phase, and decreases abruptly after mitosis (33).
Fig. 6 shows a Western blot using a specific antibody for the p34"/'2
protein (this antibody does not recognize "cdk?" or p33 kinase). In

both neuroblastoma and glioblastoma cells, at the time of subculture
when the cells exhibit contact inhibition for more than 24 h and more
than 80% of cells are in G, phase, total p34"''' protein is markedly

reduced (as compared to actively proliferating cells). When these
"resting" cells are subcultured at lower density with fresh medium, the

protein increases markedly by Day 1 after subculture (Fig. 6) when a
large portion of cells enter S phase of the cell cycle, even though the
increase in cell count is minimal (see Fig. 1 for cell counts). The
glioblastoma cells treated with DFO showed a decrease in p34"A~2

Fig. o. Western blot analysis of p34"'<- protein. Extracts of confluent cells at the time

of subculture and of cells grown in medium with or without DFO for 24 h were prepared.
Proteins (20 /Ag)were analyzed by SDS/PAGE elcctrophoresis. blolled into nitrocellulose,
and stained with an antibody specific for p34"''-. A, glioblasioma resting cells (Lane 1)

and Ihen cells 24 h after subculture with no addition (Lune 2} and DFO, 20 /IM (Lane.?),
40 /AM (Lane 4). and 100 /AM(Lane 5). B. neuroblastoma resting cells (Lune 1} and then
cells 24 h after subculture with no addition (Lane 2) and DFO. 10 /AM(Lane 3), and 20
/AM(Lune 4). Higher doses of DFO for neuroblastoma were associated with cytotoxicity
even at this time point. In gel shown even though the p34"''- protein with the 20 /AM

treatment for neuroblastoma is barely seen, faint upper bands verify that nonspecific
proteins were similar for all four sets of cells.

Fig. 7. Histonc HI kinase activity of neuroblastoma. Extract from cells grown for 24 h
with DFO. H) /AM(Lane I ), or with no DFO (Lane 2) was assayed for histone HÂ¡kinase
activity as described in "Materials and Methods." An autoradiograph is shown, but when
the bands were "cut out" from the blot and counted lor radioactivity, there were 7 times

more cpm in the untreated cells.
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decrease in kinase activity associated with DFO treatment correlates
with the reduced p34"''2 protein content.

Neuroblastoma cells treated with aphidicolin for 24 h are shown in
Fig. 8. These cells showed a slightly increased p34"/<2 protein as
compared to control cells, with an increase in the upper "phosphory-
lated" band seen with an arrest of cells at the GrS boundary. These

data lend further support to the concept that the arrest point with DFO
was earlier than that which occurs with aphidicolin. In other experi
ments, 0.3 rriMhydroxyurea caused similar inhibition of proliferation
as did 10 /LIMDFO. However, the hydroxyurea resulted in arrest of
neuroblastoma cells in early S phase 24 h after subculture. A p34"'rf

protein determination showed that these cells had an increase in
p34rrf<- protein as compared to both DFO-treated and untreated cells

(Fig. 9).

DISCUSSION

Although the in vitro effects of agents that interfere with Fe utili
zation on malignant cell proliferation are well known, relatively few
in vivo studies have been performed. Recently we have shown that
gallium, an agent that interferes with Fe, is effective for the treatment
of metastatic bladder cancer (34). Until recently, DFO, a commonly
used agent for the treatment of clinical Fe overload, has only been
utilized in vitro to inhibit malignant cell proliferation (14â€”19).Neu

roblastoma cell lines had been known to be extremely sensitive to
growth inhibition by DFO (17, 18, 20). Since this common childhood
cancer is relatively refractory to chemotherapy, DFO has been re
cently utilized for the treatment of patients with this disease (22). A
published study using DFO as a single agent showed encouraging
results in a small number of patients with extensive neuroblastoma as
evidenced by a marked decrease in bone marrow tumor cells in several
of these patients (22). DFO is included in at least one multidrug trial
for the treatment of neuroblastoma (35). Since initial results are en
couraging and further clinical studies appear to be warranted, further
in vitro studies measuring the effects of DFO on cellular proliferation
of neuroblastoma cells are of particular importance. These studies may
not only elucidate the mechanisms for increased sensitivity to DFO,
including understanding Fe regulation of neuroblastoma cell prolifer
ation, but will be helpful in determining the proper dosing and sched
uling for optimal DFO treatment in vivo.

We demonstrate that, when compared to another malignant cell line,
glioblastoma (T-98 cells) with almost identical growth characteristics,
a neuroblastoma line (SKN-SH) is more sensitive to growth inhibition

by DFO. Control of variables related to changes in growth kinetics is
important in assessing sensitivity to DFO. Our studies show that both
cell lines exhibit "growth control" as evidenced by a vast majority of

Fig. 8. Western hlol analysis of p34"''2 protein of neuroblastoma cells. The cells were

assessed at 24 h after subculture: untreated (Lane /); DFO, 10 fin (Lane 2); and
aphidicolin. 5 (ig/ml (Lane 3).

Fig. 9. Western blot analysis of lysates of neuroblastoma cells stained with
specific antibody. The cells assessed at 24 h after subculture: untreated (Lane 1); DFO, 10
U.M(Lane 2); and hydroxyurea, 0.3 HIM(Lane 3).

cells in G, phase of the cell cycle after "contact inhibition." When
these "resting" cells are subcultured in the presence of DFO, the

neuroblastoma line is much more sensitive to Fe depletion. When
actively proliferating cells are exposed to the Fe chelation for 2 days,
similar sensitivity to growth inhibition is seen for both cell lines,
although continued exposure to DFO eventually results in much more
cell death for neuroblastoma.

In our studies, neuroblastoma cells adapted appropriately to the
addition of the DFO by exhibiting a marked upregulation of Tf re
ceptor mRNA and functional Tf receptor as evidenced by increased
uptake of 5l)Fe from Tf-59Fe. The neuroblastoma cells also exhibited

the appropriate decrease in cellular ferritin concentration seen in re
sponse to Fe depletion, providing further evidence that these cells
adapt appropriately. Neuroblastoma cells exhibited increased sensitiv
ity to DFO as measured by inhibition of 5''Fe incorporation from

added Tf-59Fe in the presence of the Fe chelator. A 10 /XMdose of DFO

inhibits Fe incorporation into glioblastoma cells by about 80%. How
ever, in the presence of the same dose of DFO, neuroblastoma cells
have greater than 97% inhibition of Fe uptake. Thus, based on studies
that quantitate the critical amount of Fe chelation necessary to inhibit
proliferation, these differences may be enough to explain the differ
ence in sensitivity between the cell lines (36). Further preliminary
studies utilizing 10 /Â¿MDFO, a dose easily achieved for long periods
of time in vivo (13), showed that preincubation of neuroblastoma cells
with human Tf-Fe or the addition of Tf-Fe to medium containing the

DFO still allowed for profound inhibition of cellular proliferation.
This latter finding may explain why neuroblastoma cells are sensitive
to DFO in vivo.

Cell cycle changes associated with growth arrest by DFO were
investigated. Neuroblastoma cells treated with DFO showed a consis
tent arrest at the GÃŒphase of the cell cycle. For cells taken from the
"resting state" and replated in DFO, this block occurred before the

vast majority of cells had entered S or G2-M phases of the cell cycle.

A similar block was seen with the highest doses of DFO treatment for
glioblastoma, but this block became evident later and only when
significant cell death had occurred, and earlier time points showed a
large number of S-phase cells. Thus, with 100 fxMDFO treatment of

glioblastoma, it was possible that (a) cells arrested in S phase had
died; (h) some cells had divided but complete inhibition of DNA
synthesis caused a block at the GrS interface; or (c) the block is
similar to that seen with neuroblastoma, particularly since the results
in Fig. 6A suggest that DFO may partially inhibit expression of
p34"''2. Due to poor cell viability it was difficult to distinguish among

these three possibilities. Previous reports have shown that neuroblas
toma cells treated with DFO exhibit arrest at G,, but it has been
suggested that this finding is due to G,-S arrest attributed to inhibition
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of DNA synthesis ( 18). Thus, it might he proposed that concentrations
of DFO and hydroxyurea, another agent that inhibits rihonucleotide
reducÃase,that completely ablate DNA synthesis would cause arrest at
the G,-S interface. However, our recent studies of normal human
T-cells, which were provided with a stimulus for proliferation, have
indicated that the block with DFO occurs in G, phase before G,-S

(23). This conclusion was based on comparing results obtained when
lymphocytes were treated with aphidicolin, an agent that completely
inhibits DNA polymerase causing consistent arrest at G,-S (see Ref.

32 for review). The latter results were substantiated by the finding that
cells treated with DFO did not show the increase in cdc2 2 (p34"''~

protein kinase) that occurs in late G, before the G,-S interface. In the

present paper, we provide evidence that, like lymphocytes, neuroblas
toma cells are also arrested before the G,-S interface since: (a) cells

inhibited by DFO and released into aphidicolin exhibit arrest at the
G|-S interface, whereas cells treated with aphidicolin followed by
DFO enter S phase of the cell cycle; and (b) DFO-treated cells exhibit
a decrease in both p34"''J immunoreactive protein as well as kinase

activity, as compared to both untreated cells and cells treated with
aphidicolin. These data indicate, therefore, that the block in G, occurs
before the initiation of DNA synthesis and therefore is not due to
inhibition of ribonucleotide reducÃase.

Neuroblastoma cells treated with DFO after release from aphidi
colin show evidence for "arrest" or delay in S phase of the cell cycle.

Inhibition of DNA synthesis under these conditions may be due to
inhibition of ribonucleotide reducÃase.DFO treatment probably causes
some inhibition of this enzyme's activity in neuroblastoma, since

other studies have clearly shown that Fe chelation inhibits the enzyme
(14, 37). Studies of enzyme activity, however, are even further com
plicated by the fact that, if neuroblastoma cells are arrested in G,
phase, enzyme activity would be expected to be decreased since
studies during the cell cycle have clearly shown that activity increases
markedly as the cells enter S phase of the cell cycle (38). Thus,
extensive studies will be necessary to compare enzyme activity to
changes in both neuroblastoma cell growth and the degree of Fe
chelation.

The p34"''- protein kinase activity may be important only for cells

to proceed through G2-M phase of the cell cycle (23, 33). Thus, the

decrease in this protein seen with DFO may not simply explain the
mechanism of the DFO block in G, phase. Further studies of other cell
cycle-regulatory proteins will better elucidate the specific mechanisms

for this block. Neuroblastoma cells may have increased sensitivity to
Fe chelation at this specific point in the cell cycle. Alternatively, the
more efficient chelation of Fe by DFO, particularly since our more
recent studies indicate that this chelation occurs relatively rapidly
(data not shown), may be the most important factor that allows for this
block to occur. This hypothesis is further strengthened by the fact that
even the relatively small amount of Fe found in 1% bovine serum
albumin appears to provide enough Fe for lymphocytes in serum-free

medium to proceed through the G, arrest point (39). One study using
mimosine, an extremely potent Fe chelator (40), has shown that this
agent causes arrest of a lymphoma cell line in G, before the G,-S

interface (32).
Further studies are necessary to determine how these results can

lead to a better therapeutic approach in patients with neuroblastoma.
Other studies have suggested that different neuroblastoma cell lines
exhibit different sensitivity to Fe chelation, although all are still rel
atively sensitive to DFO and the rate of proliferation of these lines
varied (20). Analysis of neuroblastoma cell lines and tumors has
showed cellular heterogeneity based on DNA content and oncogene
expression (41). Our studies taken together, however, indicate that at
least for certain neuroblastoma cells there is marked sensitivity to
DFO with a block in G, phase of the cell cycle. Even the majority of

rapidly proliferating cells after proceeding through one cell division
will eventually develop this block with prolonged DFO exposure
(3 days). Doses necessary for this effect, i.e., 10 (AMor even less, can
be easily achieved with constant infusion in vivo. In fact, our results
agree with other in vitro studies (20) that indicate in vivo regimens
using longer constant infusions resulting in a lower concentration of
DFO (i.e., for 2 to 3 days) may be more beneficial than present
regimens using 8-h infusions of the agent at relatively high doses

(22, 35).
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