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ABSTRACT

The effect of the iron chelator deferoxamine (DSF) on the proliferation
of normal erythroid and granulocyte-macrophage progenitor cells from
human and murine bone marrow was examined. The addition of DSF at
a concentration equivalent to the concentration of iron present in the
culture system resulted in dose dependent inhibition of colony formation
by human and murine granulocyte-macrophage progenitor cells and hu
man normal erythroid progenitor cells. The addition of FeCl3 at culture
initiation completely reversed the effects of DSF. Furthermore, signifi
cant numbers of progenitor cells could be rescued from the effects of
DSF by iron added back as late as 24-48 h after exposure to DSF. The
cell cycle specificity of DSF was also examined using bone marrow cells
treated with high specific activity tritiated thymidine. Kinetic experiments
demonstrated that in the presence of DSF the number of erythroid or
granulocyte-macrophage colonies that could be rescued was dependent
on the length of exposure to DSF. Comparisons between control and
tritiated thymidine treated cells indicated that the proliferation of pro
genitor cells in S phase of the cell cycle was inhibited if iron was withheld
until 6 and 24 h after exposure to DSF for murine and human cells,
respectively, with little to no effect observed on progenitor cells not in S
phase during this time period. These results confirm the importance of
iron for hematopoietic progenitor cell proliferation and represent a new
method by which the proliferation of cycling cells may be investigated in
situ in semisolid culture systems.

INTRODUCTION

The ability to grow cells under serum free or denned culture
conditions has contributed significantly to our understanding
of the requirements of proliferating cells for minerals, lipids,
and growth factors. One molecule that is essential for the
growth of all cells is the iron transport protein, transferrin (1).
The requirement for transferrin by cycling cells is confirmed by
the ubiquitous expression of the specific receptor for transferrin
on the surface of dividing cells (2). However, there are a number
of different roles for iron within the cell. The enzyme ribonu-
cleotide reducÃase,which reduces ribonucleoside diphosphates
to deoxyribonucleoside diphosphates, necessary substrates for
DNA synthesis (3), requires iron for its activity (4) and may
explain the high iron requirements of cells during DNA repli
cation.

Deferoxamine is a bacterial product with a high binding
affinity for iron (5). Although it binds other metals, its extreme
affinity for iron essentially determines its specificity. For this
reason, it is used to chelate iron in patients with iron overload,
particularly following chronic transfusion (6). Deferoxamine
has also been used to study the proliferation of cells in culture
(7) and has been shown to inhibit the proliferation of activated
T-lymphocytes (8, 9). Its mechanism of action is believed to
involve a block in progression through the DNA synthetic (S)
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phase of the cell cycle (8,9). Deferoxamine has also been shown
to inhibit the proliferation of leukemic blasts from a patient
with acute myeloblastic leukemia in vitro as well as in vivo (10).
In this study we analyzed the effects of DSF3 on CFU-GM and
BFU-E proliferation in vitro. Deferoxamine inhibited prolifer
ation of these progenitor cells at doses equivalent to the iron
concentration of the cultures. We also describe the use of DSF
to specifically inhibit cycling progenitor cells and reversal of
this effect with FeCb, a method which may be of considerable
interest in investigating events associated with the progression
of cells through their proliferative cycle.

MATERIALS AND METHODS

Isolation and Preparation of Human Bone Marrow Cells. Bone mar
row cells were obtained by aspiration from the posterior iliac crest of
informed, consenting, normal adult volunteers. Buffy coat cells were
prepared by centrifuga tion at 1800 rpm for 10 min. LD-BM were
prepared by density centrifugation of huffy coat cells on Ficoll-Hypaque
(Nyegaard and Co., Oslo, Norway) at 1800 rpm for 25 min. The cells
at the interface were washed three times in phosphate buffered saline
without Ca2+ and Mg2*, resuspended in the same mixture with 2%
FCS-HI (Hyclone Laboratories, Inc., Logan, UT), and kept at 4"C.

NA-BM were prepared by 90-min adherence of LD-BM to 100-mm
plastic culture dishes (Falcon Plastics, Rutherford, NJ) in McCoy's

medium plus 10% FCS-HI. Nonadherent cells were recovered by gentle
swirling of the dishes and removal of the nonadherent cells without
further rinsing of the plates.

Murine Cells and Separation Procedures. Female CS7BL/6 x DBA/
2 FI mice (8-15 weeks of age) were obtained from HarÃanSprague-
Dawley, Indianapolis, IN. Mice were sacrificed by cervical dislocation
and both femurs were removed. Marrow cells were flushed from the
bone cavity with McCoy's medium plus 10% FCS-HI, washed twice,
and resuspended in McCoy's medium plus 10% FCS-HI. These cells

were used as unseparated cells at this stage of preparation. In other
experiments, the cells were subjected to neutral density centrifugation
on Percoli (Pharmacia, Piscataway, NJ) (1.070 g/ml) to remove RBC.
Interface cells were collected and washed three times in McCoy's

medium plus 10% FCS-HI.
Determination of Progenitor Cells in S Phase. Cells were treated with

50 /iCi of high specific activity [3H]dThd (New England Nuclear,
Boston, MA; 20 Ci/mmol) in McCoy's medium plus 10% PCS for 20
min at 37*C. Cells were then washed in cold unlabeled thymidine
followed by two washes in McCoy's medium plus 10% FCS. Control

cells were incubated with excess unlabeled thymidine (600 Â¿ig)for 5
min at room temperature before exposure to [3H]dThd.

Colony Forming Assays. Granulocyte and macrophage colony form
ing cells were assayed as described previously (11). Briefly, human LD-
BM or NA-BM cells were plated at 5-7.5 x 10* cells/ml in McCoy's

medium plus 10% PCS, 5% conditioned medium from the human
bladder carcinoma cell line 5637 (5637 CM), and 0.3% agar in 35-mm
plastic IVtri dishes (Nunc, Roskilde, Denmark). Unseparated murine
bone marrow cells were plated at 7.5 x 10* cells/ml and low density
cells were plated at 5 x IO4cells/ml. Five % pokeweed mitogen spleen

conditioned medium was substituted for the 5637 CM in the murine

3The abbreviations used are: DSF, deferoxamine; CFU-GM, granulocyte-
macrophage progenitor cells; BFU-E, human erythroid progenitor cells; LD-BM,
low density bone marrow cells; FCS-HI, heat-inactivated fetal calf serum; NA-
BM, nonadherent low density bone marrow cells; d'l'hd, thymidine; CM, condi

tioned medium; II).(,. 50% inhibitory dose; PGE, prostaglandin E.
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assay as a source of granulocyte-macrophage colony stimulating activ
ity. Cultures were grown at 37Â°Cin an atmosphere of 7.5% CÃ›2in air.

Triplicate plates were scored on Days 7 and 8 for human CFU-GM
and on Day 5 for the murine system. Aggregates of <40 cells were
scored as clusters and those >40 cells were scored as colonies.

BFU-E were assayed by standard procedures with some modifica
tions (12). Human NA-BM cells were plated at 5 x IO4 cells/ml in
Iscove's modified Dulbecco's medium containing 1.2% methylcellulose,
30% non-heat inactivated fetal calf serum, 5 x IO"5 M 2-mercaptoeth-

anol, 2 mM L-glutamine, 1 unit/ml human recombinant erythropoietin
(Amgen, Thousand Oaks, CA), and 2% 5637 CM, as a source of burst
promoting activity. Indomethacin (1 /<M)was added to all cultures to
prevent endogenous prostaglandin production. Cultures were grown in
35-mm dishes in a humidified incubator under standard conditions
containing 5% CÃ›2and air or under lowered oxygen conditions of 5%
CO.. and 7% O2 in air using an Oxyreducer (Remington Bioinstruments,
Redfield, NY) (12). BFU-E were scored on Days 13 and 14 using an

inverted microscope.
Reagents. Deferoxamine mesylate was purchased from Ciba-Geigy,

Summit, NJ. Ferric chloride was added to the dishes in a volume of 20
i<]at several sites to facilitate equal distribution throughout the culture.
Prostaglandin !â€¢',was used at final concentration of 50 n\i. Prostaglan

din Ei, led,, and indomethacin were purchased from Sigma Chemical
Co., St. Louis, MO.

RESULTS

Effects of DSF on Human CFU-GM. DSF, when added to
human marrow cultures over a concentration range of 1-10 nM,
inhibited CFU-GM proliferation in a dose dependent manner
(Fig. 1). Some inhibition (15 and 56%) was observed on the
number of colonies at the lowest doses (1 and 2 /Â¿M.respec
tively); however, little effect on the total number of aggregates
(colonies plus clusters) was seen at these doses. In the range of
3-8 pM there was a sharp decline in growth of both colonies
and colonies plus clusters with ID;oS of 2 and 4 /Â¿M,respectively.
Because of the slightly greater sensitivity of colonies to the
inhibitory effect of DSF, there was a significant decrease in the
colony/cluster ratio from 0.25 in the control to 0.10 and 0.02
at 3 and 5 /tM, respectively. At concentrations >6 fiM only
cluster formation was observed, and at concentrations >8 MM,
DSF completely abrogated colony and cluster formation.

Reversibility of DSF Inhibition with Ferric Iron. The addition
of ferric iron (FeCls) to cultures upon initiation in an amount

456

Cone, of DSF (uM)

10

Fig. 1. Titration of deferoxamine on human CFU-GM. Data are expressed as
percentage of control. Colonies (*) and colonies plus clusters (O) were scored
from triplicate plates at each point. Deferoxamine was added to NA-BM cells at
the initiation of culture. Data represent the mean of 2-6 experiments. Control
values for colonies and colonies plus clusters were 33 Â±11 and 124 Â±21,
respectively (mean Â±SEM/10* NA-BM cells).

equal to the molar concentration of added DSF blocked the
inhibitory effect of DSF in most experiments (data not shown).
However, due to a visible precipitate observed at the site of iron
addition, the concentration of iron was increased to 1.5 times
the concentration of DSF to account for any precipitated iron.
The increased iron concentration completely neutralized the
effect of DSF (Table 1). In order to determine if GFU-GM
could be rescued following exposure to DSF, iron was added to
the cultures at 0, 6, 12, 18, 24, and 48 h after culture initiation.
Deferoxamine was added at culture initiation at a concentration
of 5 Â¿Â¿M,the approximate concentration of iron in the culture
medium, and iron was added at 1.5 times the concentration of
DSF (7.5 liM). At this dose, DSF inhibited 90% of colonies and
60% of total aggregates. However, the addition of iron for up
to 2 days from culture initiation rescued a significant number
of CFU-GM from DSF mediated inhibition (Table 2). Addition

of iron to the cultures not only increased the total number of
colonies and clusters but also restored the colony/cluster ratio
to normal if added within 24 h.

We also examined the possibility that DSF might show
specificity for progenitor cells in the S phase of the cell cycle
(Fig. 2). Nonadherent low density cells were treated with triti-
ated thymidine ([3H]dThd) or unlabeled dThd plus [3H]dThd

prior to exposure to DSF. Deferoxamine was added to the
cultures at a concentration of 5 Â¿tM,and 7.5 A/Miron was added
to the cultures at 0, 6, 12, 18, 24, and 48 h after culture
initiation. If iron was not added back, colony proliferation was
inhibited by 89 Â±11% (SEM). A small number of CFU-GM in
S phase were inhibited in these experiments when iron was
added back at culture initiation. However, inhibition of S-phase
CFU-GM progressively increased at the 6-, 12-, and 24-h time
points with virtually all S-phase CFU-GM being inhibited if
iron was withdrawn until 24-48 h. No inhibition of non-S-
phase CFU-GM was seen at the 0-, 6-, or 12-h time points.
When iron was withheld until 18-24 h a small number of CFU-

Table 1 Ferric iron reverses the inhibitory effect of DSF on human CFU-CM
CFU-GM/7.5 x 10* NA-BM cells

Experi
ment1

23Control29

Â±1*

35 Â±3
36 Â±2ColoniesDSFÂ°1

Â±1
1 Â±1
0Â±0Colonies

+clustersDSF

+
FeCI,Â°28

Â±2
31 Â±6
35 Â±4Control68

Â±2128
Â±7

173 Â±12DSF26

Â±2
55 Â±5
18 Â±2DSF

+
FeClj65

Â±6140
Â±17

163 Â±7
Â°Deferoxamine was added to cultures at 5 *iM.FeCl} was added at 7.5 *tMat

culture initiation.
* Results are expressed as the mean Â±SEM of triplicate plates scored on Day

7 of culture.

Table 2 Reversibility of the inhibitory effect of DSF on human CFU-GM with the
addition of ferric iron over time"

Time of iron ad
dition(h)*Control

(-DSF)
0612182448+DSF,

-FeClj%

ofcontrol'Colonies100

Â±7
89Â±481

Â±1177
Â±1450

Â±1060
Â±632
Â±110

Â±9Clusters100

Â±12
96Â±886
Â±886
Â±865
Â±475
Â±950
Â±1739

Â±11Colonies/clusters''0.25

Â±0.10
0.31+0.030.25

Â±0.050.27
Â±0.040.29
Â±0.150.27
Â±0.060.11

Â±0.040.07
Â±0.06

" Deferoxamine (5 pM) was added to all groups at culture initiation except for
the -DSF control.

'' FeClj (7.5 MM)was added to all cultures at times indicated after the initiation
of culture except for -DSF and +DSF, -FeCl3 groups where no FeClj was added.

' Results are expressed as the mean Â±SEM of the average percentage of
control from 2-4 experiments.

'' Ratios are the mean Â±SEM of the average ratios of actual colony and cluster

data from each experiment.
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X INHIBITION

6 12 18 24

TIME OF IRON ADDITION (tirsi
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Fig. 2. Time course of iron addition to DSF treated human CFU-GM cultures.
DSF (5 MM)was added at culture initiation and iron (7.5 yvr) was added at the
times indicated. LD-BM or NA-BM cells were exposed to [3H]dThd or to excess
cold d'l'hd plus [3H]dThd for the control. Results are expressed as percentage of

inhibition of CFU-GM in S phase (â€¢)or not in S phase (A). The range of the
average inhibition of S-phase and nun- S -phase CFU-GM by DSF is given where
iron was not added back to cultures. The percentage of S-phase CFU-GM
inhibited was calculated by obtaining the difference between the cold d I lid plus
I'11](]I lid treated group and the | 'I IjuTlid group at each time point to get the
number of CFU-GM that proliferated that had been in S phase at culture
initiation. The percentage of inhibition is the percentage of change in the number
of S-phase CFU-GM at each time point from the number of S-phase CFU-GM
in the control cultures with no DSF added. The percentage of inhibition of non-
S-phase CFU-GM is the percentage of difference between the number of colonies
in the ['Hid I hd treated group that proliferated at each time point and the number
of colonies in the | 'I Ijd'l'hd group grown in the absence of DSF. In the absence

of DSF 34 Â±5% of CFU-GM grown were in S phase. Data represent the mean
of 3 experiments. Bars, SEM. Control value for colonies was 40 Â±4/10* LD-BM
or NA-BM cells plated.

Cone, of DSF (uM)

Fig. 3. Titration of DSF on murine CFU-GM. Unseparated (*) or low density
(<1.070 g/ml Percoli) (O) bone marrow cells from C57BL/6 X DBA/2 F, mice
were plated at 7.5 x IO4or 5 x 10*cells/ml, respectively, and exposed to varying

concentrations of DSF. Colonies and clusters were scored from triplicate plates
at each point. Data represent the mean of three experiments and are expressed as
the percentage of control of colonies ( ) or colonies plus clusters ( ).
The IDÂ»for each group was: unseparated colonies, 6.5 Â±0.5 MM;colonies plus
clusters, 9.2 Â±0.3 MM;low density colonies, 2.3 Â±0.3 MM;colonies plus clusters,
3.8 Â±0.2 MM.Control values were: colonies, 51 Â±3 and colonies plus clusters,
124 Â±7/7.S x IO4 unseparated cells; and colonies, 55 Â±3 and colonies plus
clusters, 137 Â±3/5 x IO4low density cells.

GM not in S phase were inhibited, which increased to a signif
icant level if iron was withheld until 48 h.

Effect on Murine CFU-GM. The addition of DSF (1-20 MM)
to murine bone marrow cells inhibited Day 5 CFU-GM prolif
eration (Fig. 3). The effect of DSF on colony size was even
more apparent on murine CFU-GM, due to their clone size
which was greater than that of human CFU-GM. In contrast,

a slightly higher concentration of DSF was required to obtain
the same percentage of inhibition of murine CFU-GM (ID50:
colonies, 6.5 Â±0.5 MM; total aggregates, 9.2 Â±0.3 MM) in
comparison to human CFU-GM (ID50: colonies, 2.8 Â±0.5 MM;
total aggregates, 4.8 Â±1.6 MM).However, following removal of
RBC from the murine bone marrow cells by density centrifu-
gation on Percoli, low density cells were found to be more
sensitive to DSF (ID5<>:colonies, 2.3 Â±0.3 MM;total aggregates
3.8 Â±0.2 MM)than unseparated cells and had a dose-response
curve similar to that of human LD-BM.

The cycle specificity of DSF on murine CFU-GM was also
examined. Iron was added back to cultures treated with DSF (5
MM)over a time course from 0 to 24 h with 1.5-h intervals from
0-9 h, then at 12, 15, and 24 h. The results were virtually
identical to those for the human CFU-GM except that those
progenitor cells in S phase were completely inhibited by DSF
and could not be rescued by FeCl3 within 6 h after exposure to
DSF (Fig. 4). This is in contrast to the 18-24 h required to
inhibit most human CFU-GM in S phase. Murine CFU-GM
not in S phase were not inhibited until iron was withheld until
7.5 h and increased to a significant degree at 24 h.

Effect of DSF on BFU-E. Deferoxamine was added to meth-
ylcellulose cultures of human NA-BM at concentrations from
1 to 60 MMand BFU-E were enumerated (Fig. 5). There was
little growth at the highest DSF concentrations (40-60 MM);
however, significant BFU-E growth was still observed at 10-30
MM,the range at which essentially no growth of human CFU-
GM is observed. The size of the bursts was also decreased as
well as the degree of hemoglobinization which, although not
directly quantitated, was judged by the redness of the colonies
as viewed through an inverted microscope. Similar results were
also observed on murine BFU-E although even greater concen
trations of DSF were required to neutralize the higher levels of
iron as a result of hemin (100 MM)added for murine erythroid
maturation (not shown).

\ INHIBITION

0 1.5 3 4.5 6 7.5 9 12 15 24

TIME OF IRON ADDITION (hns)

Fig. 4. Time course of iron addition to DSF treated murine CFU-GM. Low
density C57BL/6 x DBA/2 F, bone marrow cells were exposed to (3H]dThd or
excess unlabeled dThd plus ['I l|d 1'hd for the control and plated at 5 x IO4cells/

ml. DSF (5 Â»IM)was added at culture initiation and iron (7.5 MM)was added at
the times indicated after culture initiation. Results are expressed as the percentage
of inhibition of CFU-GM colonies in S phase (â€¢)or not in S phase (A),
determined by comparing the number of CFU-GM from control (unlabeled plus
|3H]dThd) or [3H]dThd treated cells at each time point with the number of S-
phase or non-S-phase CFU-GM in cultures not containing DSF (calculated as
described for Fig. 4). Bars, SEM. In the absence of DSF 35 Â±2% of CFU-GM
grown were in S phase. The range of the average inhibition of S-phase and non-
S-phase CFU-GM by DSF is given where iron was not added back to cultures.
Results for total aggregates were similar to colonies and are not shown. Control
values were: colonies, 48 Â±6; colonies plus clusters, 120Â» 11 (mean Â±SEM/5
x IO4cells).
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Concentration of DSF (uM)

Fig. S. Titration of DSF on human BFU-E. DSF was added to standard
methylcellulose cultures with 30% FCS and 5 x IO4NA-BM cells/ml. Duplicate

plates were scored on Day 14 for each point. Results represent the mean of 2
experiments and are expressed as percentage of control. The mean of the controls
was 96 Â±45 BFU-E/5 X IO4NA-BM cells. The IDM is 17.5 Â±8 â€žM.
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Fig. 6. Time course of iron addition to DSF treated human BFU-E cultures.
Nonadherent bone marrow cells were treated with excess cold dThd plus ['H |-
d'l'hd and cultured in the presence (D) and absence (â€¢)of PGE (50 IIM). or
treated with [3H]dThd alone and cultured in the presence of PGE (â€¢).Deferox-

amine (10 MM)was added at culture initiation except for the group without DSF
(Ctrl). FeCl] (15 MM) was added at the times indicated except for the groups
without DSF (Ctrl) and with DSF but without iron (DSF). Prostaglandin E (50
HM)was added to the cultures where indicated. Data are expressed as the mean
plus SEM of the number of BFU-E scored from 5 x IO4cells plated in duplicate
from one representative experiment in which the number of BFU-E in the control
was 72 Â±2 (mean Â±SEM/5 x IO4NA-BM cells). Bars, SEM.

We examined the cycle specificity of DSF on BFU-E by
performing a time course experiment of iron added back to
NA-BM cells cultured with 10 MMDSF. Little or no effect on
the number of BFU-E was observed when iron was added back
within 24 h, consistent with the relatively low percentage of
BFU-E in S phase (13) (Fig. 6).

Prostaglandin E is known to increase the number of S-phase
BFU-E i/i vitro (14). We examined the effects of DSF on
cultures grown in the presence of PGE to increase the relative
proportion of BFU-E in S phase. When DSF was added at
culture initiation there was a time dependent decrease in the
number of BFU-E that could be rescued by iron added at 0,12,
24, and 48 h. Essentially all of the PGE enhancing effect was
blocked if iron was withheld until 24 or 48 h. We examined
whether BFU-E inhibited over this time period were in S phase
by comparing [3H]dThd treated NA-BM with control NA-BM

cultured in the presence of PGE and DSF (10 ^M). All BFU-E
stimulated by PGE were inhibited by treatment with [3H]dThd.

When iron was added back at 12 h there were still a significant
number of BFU-E which had been in cycle but were not yet
inhibited by DSF. However, by 24 h the numbers of BFU-E in
the control and [3H]dThd treated groups were equivalent and
similar to the number of BFU-E in the [3H]dThd group where

iron was added at 0 h. A significant number of the noncycling
BFU-E were also inhibited if iron was withheld until 48 h.

DISCUSSION

Deferoxamine inhibits the growth of human and murine
CFU-GM and human BFU-E at doses in the same range as the
concentration of iron present in the medium in which they are
grown. In the continuous presence of DSF, both absolute num
ber and size of colonies and total aggregates are inhibited. The
decrease in the number of colonies observed at lower concen
trations (1-2 Â¿Â¿M)without a decrease in the total number of
aggregates suggests that some cells having the potential to form
colonies may have only formed clusters. This hypothesis is
supported by the dramatic decrease seen in the colony/cluster
ratio. The ability of exogenously added iron, in equimolar to
slightly greater concentrations, to completely block the inhibi
tory effect of DSF confirms the findings of others (7, 9), that
the primary mechanism by which DSF inhibits growth is by
binding ferric iron. It remains possible that other metals essen
tial for growth may be bound by DSF; however, the neutrali
zation data and the correlation between the levels of iron in the
serum with the concentration of DSF required for inhibition
support a mechanism of inhibition via the sequestration of iron.
It has been suggested that one mechanism by which removal of
iron inhibits cycling cells is by inhibiting the activity of ribo-
nucleotide reducÃase(IS, 16).

We were able to specifically inhibit the cycling progenitor
cells with DSF at a concentration equivalent to the concentra
tion of iron present in the fetal calf serum in the culture system,
followed by the rescue of the noncycling progenitors with iron
at specific times after culture initiation. The kinetic experiments
on human CFU-GM suggest that virtually all of the cycling
progenitor cells are inhibited if iron is withheld for 18-24 h,
with little inhibition of noncycling CFU-GM. Higher concen
trations of DSF, 7-15 MM,or a longer time interval before the
addition of iron resulted in significant inhibition of noncycling
cells, possibly as they asynchronously enter S phase.

The same kinetics of inhibition was observed for the enhance
ment of human BFU-E by PGE which is known to selectively
stimulate only S-phase BFU-E (14). Prostaglandin E increased
the total number of BFU-E by approximately 50% and essen
tially all of these BFU-E were inhibited by DSF at 10 ^M if
iron was not added until 24 h. There was no observable differ
ence in the hemoglobinization of the BFU-E in the control as
compared to those with DSF when iron was added back at 24
h. When iron was not added back, DSF inhibited hemoglobin
ization of the remaining BFU-E. This observation is consistent
with the hypothesis that the majority of iron taken up for
hemoglobinization by the cells in an erythroid burst occurs at
a later stage of differentiation or time in culture (17). This is in
agreement with the observation that the enhancing effect that
iron saturated human transferrin has upon hemoglobinization
of human BFU-E is not dependent on presence of the human
transferrin during the first 3 days of culture.4

4 K. H. Nocka, unpublished observation.
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The effect of DSF on murine CFU-GM was also studied and
although the results were similar to those on the human cells,
some important differences were noticed. Higher concentra
tions of DSF were required to achieve the same degree of
inhibition seen on human CFU-GM. This decreased sensitivity
to DSF correlated with the presence of RBC in the unseparated
marrow routinely used for the culture of murine progenitors,
in contrast to the low density or nonadherent low density cells
used for human cultures. This observation points out the im
portance of understanding the iron content of the starting cell
population one is working with when looking at the effect of
DSF. The effect of DSF on murine CFU-GM, with the addition
of iron at various time points after culture initiation, confirmed
our hypothesis on its specificity and is in agreement with the
expected cell cycle kinetics of rodent and human hematopoietic
precursors (18, 19).

Because of the iron requirements of cycling cells, an iron
chelator such as DSF can be used with a high degree of
specificity. However, the range of concentrations within which
it can be effectively used with this selectivity is very narrow and
correlates with the concentration of iron in the extracellular
environment. When used in such a way one might expect it to
effect the same populations that are inhibited by hydroxyurea
(20), an inhibitor of ribonucleotide reducÃase.However, one of
the advantages to using DSF is that its activity can be effectively
neutralized by the equimolar addition of iron. This is important
in semisolid cultures where the culture matrix prevents the
ability to wash out added compounds without disturbing the
capacity to quantitate clonal cell proliferation. In this study we
looked at the cycling status of the progenitors at culture initia
tion. The technique of adding DSF to a culture and neutralizing
it at a later time point may also be useful for studying the
proliferative status of cells as they self-renew or differentiate
over time in culture. The observation that the transferrin recep
tor is down-regulated in some myeloid cell lines following
induction of differentiation (21) suggests that lower levels of
iron are required for later stages of granulocytic or monocytic
differentiation. This hypothesis could be tested with DSF on
normal cells. The ease with which DSF may be neutralized may
also contribute to its clinical usefulness as a chemotherapeutic
(10) or immunosuppressive (22) agent.
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