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Regulation of Transferrin Receptor Expression on

Human Leukemic Cells during
Proliferation and Induction of Differentiation

EFFECTS OF GALLIUM AND DIMETHYLSULFOXIDE

CHRISTOPHERR. CHITAMBAR, ELIZABETH J. MASSEY, and PAUL A. SELIGMAN,
Divisions of Hematology/Oncology, Department of Medicine, University of
Colorado School of Medicine, Denver, Colorado 80262

A B S T R A C T The association of transferrin receptor
expression with cellular proliferation has been studied
extensively, but a number of events have not been
defined. Wetherefore assayed receptor on promyelo-
cytic leukemia (HL-60) cells at early times after ex-
posure to a stimulus for proliferation (subculture), as
well as agents that either induce differentiation (di-
methylsulfoxide [DMSO]) or inhibit iron uptake (trans-
ferrin-gallium). Within 4 h after subculture, we found
that a significant increase in total cellular immuno-
reactive receptor occurred that preceded by 8 h the
increase in cell-surface transferrin binding. Automated
fluorocytometric analysis of cells in an immunoflu-
orescent assay indicated that increased surface recep-
tor density appeared on cells in the S, G2, and Mphases
of the cell cycle. DMSO-treated cells proliferated at
the same rate as untreated (control) cells for the first
72 h, but as early as 12 h after treatment transferrin
receptor was significantly decreased (65% of control
cells). Further decreases occurred at later time points
until transferrin receptor was undetectable after 7 d,
when proliferation had ceased, cells were arrested in
G1 phase of the cell cycle, and myeloid differentiation
occurred. After exposure to transferrin-gallium, pro-
liferation ceased, but cells exhibited increased surface
receptor and were arrested at S phase of the cell cycle
without associated myeloid differentiation.

Weconclude that events preceding cell division pro-
vide the regulatory stimulus for the synthesis and sub-
sequent appearance of the transferrin receptor on the
cell surface. Additionally, decreased receptor expres-
sion may be important in causing cessation of prolif-
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eration and/or differentiation. Finally, the way in
which gallium salts are currently being investigated
as chemotherapeutic agents should be reevaluated in
light of our findings concerning transferrin-gallium
effects on cellular proliferation.

INTRODUCTION

Cell surface receptors for transferrin, the major plasma
iron transport protein (1), were initially characterized
on cells with high iron requirements including he-
moglobin-producing cells and placental cells (2-6).
More recently, the finding of high densities of trans-
ferrin receptors on cells that would appear to require
less iron, including proliferating nonhemoglobin-pro-
ducing cells (7-9), has generated considerable interest.
These studies have indicated that transferrin-binding
sites markedly increase soon after these cells are ex-
posed to tissue culture conditions that stimulate pro-
liferation (7, 8, 10, 11). Furthermore, studies using
immunoassay techniques as well as transferrin binding
studies have indicated that this increase in transferrin
binding is due to an actual increase in total cellular
immunoreactive receptor molecules, and is not due to
a change in receptor affinity for transferrin or receptor
availability (12, 13). These findings may have func-
tional significance, since previous studies have dem-
onstrated that the addition of transferrin to serum-free
media is a requirement for cell growth (14-16), and
an important recent study has indicated that a specific
monoclonal antibody that blocks transferrin binding
causes arrest of cellular proliferation (17).

Nevertheless, although these previous studies have
suggested that the presence of the transferrin receptor
represents a marker for proliferation and that it prob-
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ably has functional importance, extensive studies have
not been performed to determine the early events as-
sociated with expression of the receptor on actively
proliferating cells, nor has receptor density on sub-
populations of cells in different phases of the cell cycle
been measured. These studies are important, since they
may not only further elucidate the functional require-
ments for transferrin binding during proliferation, but
they may also better define the role that variation in
expression of transferrin receptor on the cell plays in
the regulation of proliferation. Additionally, since re-
cent in vitro studies indicate that induction of cell
differentiation may initially require decreased cellular
proliferation (18), studies of regulation of transferrin
receptor density soon after exposure to an inducer of
differentiation may indicate whether receptor expres-
sion plays a role in this process.

Wehave, therefore, studied the well-described hu-
man promyelocytic leukemic cell line (HL-60) (19) at
various stages of cellular proliferation and during di-
methylsulfoxide (DMSO)l induction of differentiation
(20, 21), in order to measure changes in transferrin
receptor by immunoassay techniques and transferrin-
binding studies. Our studies indicate that events pre-
ceding cell division provide the regulatory stimulus for
the synthesis and subsequent appearance of the trans-
ferrin receptor on the cell surface. The peak of surface
receptor density appears on cells at a stage that occurs
just before cell division. We also show that relative
transferrin receptor density decreases at a very early
stage after induction of differentiation, even before
proliferation has decreased and subsequent differen-
tiation occurs. These latter changes, however, appear
to be somewhat different from the events associated
with the addition of specific agents that block either
transferrin-mediated iron uptake (i.e., gallium salts or
transferrin-gallium) or transferrin binding (i.e., mono-
clonal antibodies) and inhibit cellular proliferation re-
sulting in arrest of cells at a diffent phase of the cell
cycle without induction of myeloid differentiation.

METHODS
Human apotransferrin, nitroblue tetrazolium (NBT) and
DMSOwere obtained from Sigma Chemical Co., St. Louis,
MO. Gallium nitrate was obtained from Alfa Products,
Thiokol/Ventron Div., Danvers, MA.

"SI-Sodium iodide and 'FeCl3 were obtained from New
England Nuclear, Boston, MA, and Amersham Corp., Ar-
lington Heights, IL, respectively.

The method of Bates and Schlambach (22) was followed,
with either FeCls or gallium nitrate to saturate transferrin

I Abbreviations used in this paper: DMSO,dimethylsulf-
oxide; MII, median immunofluorescence intensity; NBT,
nitroblue tetrazolium.

with nonradioactive iron or gallium (23), respectively. A sim-
ilar method was used for saturation of apotransferrin with
59Fe (12). Iodination of transferrin-_9Fe and the human trans-
ferrin receptor was performed by previously described
methods (12).

The HL-60 (human promyelocytic leukemia) cells were
obtained from the laboratory of Dr. Michael Glode, Uni-
versity of Colorado Medical School. Cells were grown in
RPMI 1640 medium (M. A. Bioproducts, Walkersville, MD)
containing 10% fetal calf serum in a 7.5% CO2atmosphere.
For all experiments, cells grown to confluence were subcul-
tured at a density of 5 X 105/ml and reached a maximum
density (confluence) of -2.2 X 106 cells/ml in 72 h. This
rate of proliferation is similar to that reported recently by
others (24). Studies using DMSOwere carried out by plating
cells in a manner identical to that described above, except
that DMSOwas added to the media. Cells with normal
growth kinetics in serum-supplemented media reached con-
fluence at 72 h and maintained >95% viability over the next
24 h, but significant cell death occurred after this period.
Therefore, cells were seldom exposed continuously to the
different agents for longer than 3 d, and unless specifically
stated they were recultured at 3-d intervals at a concentra-
tion of 5 X 105 cells/ml in fresh media containing the dif-
ferent agents until a desired time of exposure had been
reached. Aliquots of cells at different time points (after sub-
culture in fresh media) were removed for assays and trans-
ferred to 15-ml polystyrene tubes and centrifuged at 200 g
for 10 min in a Beckman TJ-6 centrifuge (Beckman Instru-
ments, Inc., Spinco Div., Palo Alto, CA). The supernatant
was aspirated and the pellet resuspended in ice-cold 10 mM
KPO4, pH 7.5, 150 mMNaCl (PBS) and bovine serum al-
bumin (BSA), 1 mg/ml. All cell counts were performed in
triplicate with a hemacytometer.

Transferrin-binding studies were performed by incubat-
ing varying concentrations of 1251-transferrin-59Fe (5,000 1251
cpm/mg protein) with 0.5 X 106 cells in a total incubation
volume of 500 ,ul PBS and 1 mg/ml BSA. Incubations were
carried out for 4 h at 4°C. The incubations for binding stud-
ies were performed at 4°C to insure that internalization of
radioactive transferrin was not included in the calculations
(25, 26). The 4-h incubation period was chosen, since binding
of 125I-transferrin to the cells had reached saturation by this
time. After the incubation, 1 ml of ice-cold PBS with BSA
was added to each tube and after centrifugation at 500 g at
40C, the supernatant was aspirated, and the pellet was
counted for radioactivity. Specific binding was determined
by subtracting the radioactivity in an identical sample that
contained 1,000-fold excess of nonradioactive transferrin.
The results were plotted and maximal transferrin binding
was calculated according to the method of Scatchard (27).

Total cellular immunoreactive transferrin receptor pro-
tein was determined in a double-antibody precipitation ra-
dioimmunoassay as previously described (12). Although
maximal transferrin binding and immunoreactive receptor
was expressed as nanograms per 106 cells, in initial experi-
ments we determined cellular protein concentration and
found that the concentration of -90 jg protein/106 cells
did not change significantly for cells at different stages of
growth or under various media conditions described below.

For studies using varying concentrations of apotransferrin
and other forms of transferrin (see above), we used serum-
free media supplemented with various concentrations of
transferrin and 5 jig/ml of insulin (defined media), which
has been noted to support growth of HL-60 cells (16). Al-
though cell proliferation in defined media was somewhat
slower than in serum-supplemented media, there was a pre-
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dictable rate of cell growth similar to the rate previously
described (16). Moreover, as reported (16), cells exposed to
DMSOin defined media also exhibited myeloid differentia-
tion. Serum-free media lacking either transferrin, insulin,
or both failed to support cell growth and rio effect on cellular
differentiation was noted.

Cell proliferation was assessed by performing cell couints,
as well as bv analyzing DNA distribution (see below). Dif-
ferentiation of a population of cells was assessed using NBT
reduction (24, 28), as well as morphologic criteria to identify
metamyelocytes and more mature cells (20).

Cell surface transferrin receptor was assayed by a double-
antibody immunofluorescence technique (12, 29). Approxi-
mately 1-3 million HL-60 cells were washed with ice-cold
PBS, resuspended in 100,ul of PBS, and first incubated with
100 Al of polyclonal rabbit anti-human transferrin receptor
antisera (6) at 4°C for 1 h. The cells were then washed by
centrifugation to remove unbound antibody and resus-
pended in 100 Al of PBS followed by the addition of 100

1l of the second antibody, goat anti-rabbit IgG labeled with
fluorescein isothiocyanate (Gibco Laboratories, Grand Is-
land, NY) with the second incubation performed at 4°C for
1 h. Some cell populations were analyzed separately for cel-
lular DNAby the propidium iodide staining technique (30).
For this technique, cells were fixed in 70% ethanol and
washed with PBS; then the cell pellet was resuspended in
RNase (Sigma Chemical Co.) (1 mg/ml) and incubated for
30 min at 37°C. After this, the cells were again washed twice
and resuspended in 1 ml of propidium iodide (10 mg/ml in
PBS) for 20-30 min at 4°C.

For some experiments, the same cells were stained for both
immunofluorescent cell surface transferrin receptor and cel-
lular DNA. After immunofluorescent staining as described
above, cells were fixed by a 10-s exposure to 1% paraform-
aldehyde, immediately diluted 1:5 with PBS and then
washed twice by centrifugation at 4°C. Cells were then re-
suspended in 1 ml of RNase and incubated at 4°C for 1 h,
washed free of RNase, and stained with propidium iodide
as described above.

Samples of cells were then run through a fluorescence-
activated cell sorter, the FACS IV flow cytometer (Becton-
Dickinson FACS Systems, Sunnyvale, CA), with a 50-ym
nozzle tip. An argon-ion laser operating at 488 nm with a
5-W intensity was used as an excitatioin source. Red fluo-
rescence (DNA stain) and green fluorescence (surface re-
ceptor immunofluorescence) were detected at 550-590 and
510-520 nm, respectively. In the experiments shown (Figs.
2-4), -25,000 cells were analyzed for each cell sample.
Although a previous study had indicated that changes in cell
surface area during cellular proliferation do rnot appreciably
affect calculation of binding sites expressed per cell (31),
each cell sample was analyzed for forwvard-scatter distri-
bution and the integrated cturve (histogram) obtained was
an indicator of cell volume (30), so that wc also could esti-
mate surface area (29). Simultaneously, another histogram
plotted fluorescence intensity on the x-axis vs. the nuimber
of cells with a given fluorescenit intensity on the y-axis. For
immunofluorescence studies defining suirface transferrin re-
ceptor (green fluorescence), an automated analysis of each
cell population calculated a point on the x-axis that repre-
sented the rnedian immunofluorescence intenisity (MIT) of
the cell population. This point couldl not be assigned a spe-
cific unit quantity, but when two samples (one heing a con-
trol sample) were analyzed at the same time, the test sample
could be expressed as a percentage of control. This anialysis
was possible, since utnder rno: t conditiorns described ibove,
ineludineg cnfluent cells, e nough surfarce t ransferrin rr-ceptor

was expressed so that the specific immunofluorescent poly-
clonal antibody technique was sensitive enough to detect
>90% of cells as fluorescent positive when compared with
fluorescence detected when control rabbit serum was sub-
stituted for antitransferrin receptor antibody as the first an-
tibody.

When >10% of cells were immunofluorescent negative,
such as with continued DMSOexposure, calculation of MII
could be assigned a percentage of control expressed as the
maximum value possible (e.g., <20% of control). Measure-
ment of surface transferrin receptor by this method was
useful, since only a few cells were needed for an accurate
analysis and, if appropriate controls were analyzed at the
same time, a large number of samples could be studied.
Moreover, as with measurements we have previously de-
scribed (12, 29) while studying the above cell system, the
presence of transferrin bound to receptor or the addition of
50 Mg human transferrin to the incubation mixture had no
effect on fluorescence intensity. Thus, this method was par-
ticularly useful in measuring surface transferrin receptor
under conditions in which varying concentrations and forms
of transferrin were added to the cells in culture.

When samples were analyzed for DNA content, histo-
grams represented the red fluorescence intensity (DNA con-
tent) on the x-axis and the number of cells with certain red
fluorescence intensity on the y-axis. Automated analysis of
subpopulations of cells with differences in DNAcontent per-
mitted calculation of percentages of cells in GC, S, or G2 and
M phases of the cell cycle. Although the automated tech-
nique could not separate cells in either G2 or M phases of
the cell cycle, when a number of samples were analyzed
morphologically, it was found that even at the 24-h point
after subculture, when the greatest percentage of cells were
in the active phases of proliferation, the cells that were mor-
phologically in mitosis represented only about one-third of
cells in G2 and M and -8% of the total cell population,
which as a mitotic index agrees with studies performed by
others (24).

In certain samples that had been stained for both im-
munofluorescent surface receptor and cellular DNA, two
histograms were obtained simultaneously, one representing
DNAdistribution and another representing surface receptor
fluorescence. Cells in different phases of the cell cycle (as
evidenced by different amounts of DNA) were studied by
using the capabilities of the FACS IV to gate a desired sub-
population of cells. The corresponding median intensity of
surface fluorescence could then be determined for that par-
ticular subpopulation of cells (GC, S, or G2 and M).

Cells fixed and stained for DNAafter immunofluorescent
surface receptor staining showed a slight increase in green
fluorescent-negative cells (-15%) as compared with cells
stained for immunofluorescent receptor alone. Wesurmised
that these negative cells had been randomly damaged by the
fixation process, since, when these cells were discounted, the
histogram obtained showed an identical intensity of surface
fluorescence as cells stained for immunofluorescence alone.
Therefore, it appeared that the DNAstaining per se did not
alter surface receptor fluorescent intensity.

RESULTS

We had previously shown that actively proliferating
cells have higher numbers of both transferrin-binding
sites and total cellular immunoreactive transferrin re-
ceptor than nonproliferating or confluent cells (12).
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FIGURE 1 (A) Confluent HL-60 cells were subcultured in
fresh medium at 5 X 105 cells/ml and assayed for both trans-
ferrin binding and total cellular immunoreactive receptor
(12) at different time points after subculture. Maximal trans-
ferrin binding was determined by using the calculation de-
fined by Scatchard (27). All points represent the mean of
three experiments±SEM. (B) Assays of HL-60 cells grown
under the same conditions as defined above, except the me-
dium contained 1% DMSO.Cell counts at various time points
after subculture were identical for both DMSO-treated cells
and untreated cells (see Fig. 2).

The results we obtained (Fig. 1 A) extend these previous
observations by measuring changes in total cellular im-
munoreactive transferrin receptor and maximal trans-
ferrin binding at early time points after confluent HL-
60 leukemic cells (2.2 x 106 cells/ml) are subcultured
at low density (5 X 10' cells/ml) to stimulate prolifer-
ation. An increase in maximal transferrin binding was

evident at 12 h after subculture (Fig. 1 A), reached a

maximum at 24 h, and returned to base-line levels at 72
h, when the cells became confluent. Total cellular im-
munoreactive receptor was also at its highest level at 24
h after subculture, but significant increases in immu-
noreactive receptor were measured as early as 4 h after
subculture (Fig. 1 A), suggesting that a stimulus for pro-
liferation results in synthesis of new transferrin receptor
molecules, which precedes by a number of hours an in-
creased expression in surface transferrin receptor as mea-

sured by maximal transferrin binding. Further evidence
that this early increase in immunoreactive transferrin
receptor represents synthesis of new receptor molecules
was provided by the fact that cells subcultured in media
containing cyclohexamide (20 Asg/ml) for 12 h showed
neither the early increase in immunoreactive transferrin
receptor nor the later increase in transferrin binding.
The delay in the expression of newly synthesized trans-
ferrin receptor on the cell surface agrees with previous
synthetic studies (32), which demonstrated rapid syn-
thesis of an immature molecule, which was converted
a number of hours later into the mature receptor protein.
According to previously defined calculations (12), the
data shown in Fig. 1 A indicate that transferrin-binding
sites increase from 26,000 sites/cell in confluent cells to
114,000 sites/cell at maximal transferrin binding at 24
h, whereas total cellular immunoreactive receptor mol-
ecules increase from 214,000 molecules/cell at conflu-
ence to 1,660,000 molecules/cell at the highest density
of receptor.

HL-60 cells cultured in 1.25% DMSOexhibit an
early decrease in cellular proliferation, followed by
differentiation of cells to more mature myeloid forms
(20). In addition to these effects, we found that cells
exposed to 1.25% DMSO, in agreement with other
studies (21, 33), showed an associated decrease in sur-
face transferrin receptor. Moreover, when cells were
exposed to only 1% DMSO,there was a clear dissocia-
tion between relative decreases in transferrin receptor
density and decreased cellular proliferation (Fig. 1 B).
Despite an identical rate of proliferation compared
with control cells for the first 72 h (see below), DMSO-
treated cells did not show the expected increase in
transferrin receptor during active cellular prolifera-
tion. Thus, although a small increase in both immu-
noreactive transferrin receptor and transferrin binding
is noted in treated cells at 12 h after subculture, this
increase is significantly lower than that seen with un-
treated cells at the same time point. Furthermore,
whereas control cells show even further increases in
both immunoreactive transferrin receptor and maxi-
mal transferrin binding at 24 h, DMSO-treated cells
showed a plateau in both values (Fig. 1 B), even though
proliferation continued at the same rate. A decreased
affinity of transferrin binding to the cell surface re-
ceptor does not appear to be a significant factor, since
Scatchard analysis of transferrin binding to control
cells and DMSO-treated cells at different time points
resulted in similar association constants (Ka = 2-5
x 108 M-1).

To obtain a better definition of the effect of prolif-
eration and DMSOtreatment on transferrin receptor
density, we measured surface transferrin receptor us-
ing the immunofluorescence technique and an auto-
mated fluorocytometer. The results of these analyses
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FIGURE 2 Comparison of rate of proliferation and surface transferrin receptor using an au-
tomated immunofluorescence technique for both untreated (control) cells and 1%DMSO-treated
cells at various time points after subculture. A representative experiment is shown. Cells in GI
were determined by fluorescent staining for DNA(Methods). Immunofluorescent histograms
shown were traced directly from polaroid photographs of curves projected on FACSIV screen.
Vertical dash on each histogram represents MII of each cell population, with increased shift
to right indicative of higher MII. The broken line projected on both 0-h histograms represents
the negative control (Results) and any cells to the left of the line are therefore designated
fluorescent negative. For the 12-h sample, cell counts ranged from 0.53 to 0.57 X 106/ml for
three experiments and were not significantly greater than the 0-h sample, but have been cor-
rected to the nearest tenth in the figure.

on both control and DMSO-treated cells at various time
points after subculture are shown in Fig. 2. As noted
by the cell counts at each time period after subculture,
there is no difference in the rate of proliferation be-
tween control cells and DMSO-treated cells. Addition-
ally, analyses of DNA content of the cells at various
time points after subculture also show that a similar
number of cells are in the GI phase of the cell cycle
for both control and DMSO-treated cells. For three
different experiments, cell counts as well as the per-
centage of cells in GI varied <10% for all time points
for both control and DMSO-treated cells.

As shown in Fig. 2, the histograms obtained for con-
trol cells by the immunofluorescence technique as a
measure of immunoreactive surface transferrin recep-
tor first showed a significant increase in MIT (measured

as a shift to the right in the relative scale shown on
the x-axis) at 12 h after subculture, a result that agrees
with measurements of surface transferrin receptor ex-
pressed as maximal transferrin binding (Fig. 1 A). Also
as seen with measurements of 'maximal transferrin
binding, the peak increase in mean cellular surface
transferrin receptor by the immunofluorescence tech-
nique is seen at 24 h. At 48 h, there is a decrease in
the MIT, which decreases even further to base line at
72 h, when the cells become confluent.

Forward scatter determinations, which are repre-
sentative of cell volume (34, 35), showed that at time
periods where cells expressed the highest number of
receptor, there was <5% change in the median scatter
distribution as compared with confluent cells (data not
shown), indicating that an increase in surface area can-
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FIGURE 3 Histograms obtained from 24-h postsubculture
cells analyzed with both fluorescent staining for DNAas well
as the immunofluorescence assay for surface transferrin re-
ceptor. Note that, compared with the 24-h samples shown
in Fig. 2, the immunofluorescence histogram has been pur-
posely attenuated along the x-axis, so that the entire histo-
gram obtained for each subpopulation of cells can be com-
pared with others. MII in these experiments discounts flu-
orescent-negative cells (see Methods for details). (A) Control
cell population with immunofluorescence histogram to the
left representative of the total cell population analyzed,
whereas inset represents fluorescent stain for DNAwith dip-
loid amount of DNAdesignated as GI, twice that amount
designated as G2 and M, and intermediate DNAcontent in-
dicative of cells in S phase. As indicated on the right side
of the figure, cells in different phases of the cell cycle were
then analyzed separately for immunofluorescence intensity.
Note the marked shift in MII for subpopulations of cells in
active phases of the cell cycle. (B) Same measurements as

not account for the marked increase in transferrin re-
ceptor seen during proliferation.

As expected, cells cultured in 1% DMSOas com-
pared with control cells showed a much lower median
intensity of immunofluorescence at all time points
starting at 12 h after subculture (Fig. 2). MII of treated
cells at 24 and 48 h was 35 and 38% of control values,
respectively, a result that agrees well with comparison
of maximal transferrin binding between the two
groups of cells (Fig. 1). At all time points, forward
scatter histograms showed essentially identical pat-
terns as control cells (data not shown). At 72 h, DMSO-
treated cells become confluent, but, using the auto-
mated immunofluorescence assay, we found that these
confluent cells had decreased immunofluorescence
compared with control cells, with the median fluores-
cence somewhat <40% of control, since -15% of cells
exhibited negative fluorescence.

Wesuspected that subpopulations of cells with high
surface transferrin receptor might represent cells in
the active phases of the cell cycle, since these highly
fluorescent cells were seen at time points preceding
and during active proliferation (Fig. 2). Fig. 3 A shows
that cells in S or G2 and Mhave a markedly increased
MII as compared with cells in GI phase of the cell
cycle. Analysis of forward scatter distribution indi-
cated that cells in S phase showed about a 5% increase
in median scatter distribution as compared with cells
in GI, whereas cells in G2 and M had about a 20%
comparative increase in scatter, although this latter
increase may overestimate surface area, since cells in
M do not have a spherical shape (30). Therefore, in-
creased surface area cannot totally explain the 75%
increase in MII seen in cells in S phase or the 90%
increase seen in cells in G2 and Mphase. These results
suggest, therefore, that the increased expression of
transferrin receptor is found on the population of cells
in active stages of proliferation. Moreover, analyses of
different subpopulations of cells at various time points
after subculture showed that control cells in the GC
phase of the cell cycle also expressed higher densities
of surface transferrin receptor at 24 and 48 h as com-
pared with confluent cells (this data can be extrapo-
lated from Fig. 2), indicating that expression of rela-
tively high densities of receptors are also present on
some cells in GC phase during active cellular prolif-
eration.

shown in A, except cells have been exposed to 1% DMSO.
Note that there is marked attenuation of Mll of this cell
population as compared with control cells, even though DNA
distribution is almost identical. DMSO-treated cells in active
phases of proliferation also have higher MII as compared
with cells in GI phase.
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As shown in Fig. 3 B, analyses of the cell population
cultured in DMSOfor 24 h showed a marked decrease
in surface transferrin receptor. However, analyses of
subpopulations of cells in different phases of the cell
cycle, although MII was always lower than the control
cell sample, still showed that treated cells in active
stages of proliferation had higher densities of surface
transferrin receptor as compared with cells in GI
phase.

To study further the effect of DMSO, we analyzed
the DMSO-treated cells grown beyond 72 h. Previous
studies have exposed cells to DMSOcontinuously for
up to 6 d without subculture. However, to assess the
prolonged effect of DMSOon transferrin receptor den-
sity and resultant decreases in cellular proliferation,
cells continuously exposed to 1% DMSOwere subcul-
tured in fresh media every 3 d at lower density (5
X 105 cells/ml) to stimulate proliferation (Table I).
Although 1% DMSO-treated cells proliferated at the
same rate as control cells for the first 72 h (Fig. 2),
when the treated cells were recultured, a definite de-
crease in the rate of proliferation was noted during the
next 3 d (days 4-6 of DMSOexposure), as compared
with control cells, which always proliferated at the
same rate (Fig. 2). Not only is the cell number less at
days 4, 5, and 6, the percentage of cells in GI at these
time points also is greater, indicating that fewer cells
are entering the active phases of the cell cycle. Sig-
nificantly, the surface transferrin receptor on these
recultured cells decreases even further when com-
pared with control cells (Table I) and total cellular
immunoreactive receptor was undetectable (data not
shown). When cells are recultured a second time 6 d
after exposure to DMSO,no proliferation occurs over
the succeeding 24 h. At this time, essentially all of the
cells are arrested in the GI phase of the cell cycle and
both transferrin binding and immunofluorescence are

at undetectable levels. Also, as noted in Table I, sig-
nificant differentiation occurs beginning at day 4 after
recultured cells are exposed to DMSO.The degree of
differentiation correlates directly with the decrease in
proliferation and is coincidental with the loss of trans-
ferrin receptor.

Our results suggested that the attenuation of trans-
ferrin receptor density with DMSOtreatment results
in eventual arrest of cellular proliferation with asso-
ciated myeloid differentiation. We therefore at-
tempted to determine the effect of other agents that
might specifically affect transferrin receptor density
and result in either arrested proliferation and/or dif-
ferentiation. One such agent chosen was gallium, a
relatively nontoxic metallic cation that avidly binds
to transferrin (23). Previous studies have indicated that
gallium salts inhibited growth of some cells in tissue
culture (36, 37), and we also found that the addition
of various concentrations of gallium nitrate to HL-60
cells resulted in a dose-related inhibition of prolifer-
ation. For example, a concentration of 9 jig/ml of gal-
lium in serum-supplemented media resulted in ces-
sation of proliferation 2 d after subculture with >95%
of cells still viable. However, for better control of the
amount of gallium and transferrin present, cells were
cultured in serum-free media with different forms of
transferrin. When transferrin-iron was added at a con-
centration of either 25 jg/ml (Table II) or up to 150
jg/ml (data not shown), the rate of proliferation was
identical to that seen with 25 jig/ml apotransferrin
(16; see Methods). When cells exposed to the different
forms of transferrin in serum-free media were ana-
lyzed for transferrin receptor in the automated im-
munofluorescence assay, there was, as expected, a
threefold increase in Mll at day 1 after subculture as
compared with confluent cells. Moreover, in this sen-
sitive assay, transferrin receptor expression showed a

TABLE I
Effect of Prolonged DMSOExposure on Transferrin Receptor Density,

Cell Proliferation, and Differentiation

Maximum Differentiation
Day, Cell Cells transferrin

in DMSO count in GC binding MIt NBT9 Morphologically

X1O/ml % ng/10 cells % control %

4 0.7 78 0.7 <25 21 10
5 1.0 82 0.5 <20 30 25
6 1.2 90 0.5 <5 42 35
7 0.5 95 <0.3 <5 51 40

All values are mean of two experiments.
* Cells were replated at a density of 0.5 X 106/ml after the first 3 d of exposure to
DMSOand again on day 6.
t MII expressed as percentage of value obtained from control cell sample at same time
point after subculture.
§ NBT-positive cells.
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TABLE II
Effect of Transferrin-Iron and Transferrin-Gallium on Cell Proliferation and

Immunofluorescent Surface Transferrin Receptor Expression

Transferrin-Fe (25 gig/ml) Transferrin-llium (25 g/ml) Transferrin-gllium (150 gg/mI)

Cell Cells Cell Cells Cell Cells
Day. count in G, Mill count in G, MIl count in G, MIl

X100/mi % % control X106/nl % % control X 10/mnl 96% %control

1 0.7 61 74 0.7 60 123 0.5 61 167
2 1.2 71 77 1.1 70 197 0.6 47 259
3 1.8 78 83 1.7 75 277 0.7 36 400
4 0.7 55 78 0.7 57 240
5 1.1 65 83 0.8 38 280
6 1.8 80 84 1.0 38 420 -

All values are average of two experiments.
Cells were plated at a density of 5 X 105/ml on day 0 and replated at the same density on day 3.
MII expressed as percentage of control cells grown in 25 ;&g/ml apotransferrin at same day after culture.

slight down-regulation in transferrin-iron-supple-
mented cells as compared with apotransferrin-supple-
mented cells for each day after subculture (Table II),
in spite of the same rate of proliferation. As with gal-
lium nitrate, the addition of transferrin-gallium to the
serum-free media resulted in a dose-related decrease
in proliferation (Table II). Thus, when 150 gg/ml of
transferrin-gallium was added to the media (0.25 jg/
ml gallium), cells ceased proliferation by day 2 after
subculture. It was noteworthy that cells supplemented
with transferrin-gallium showed a significant up-reg-
ulation in surface transferrin receptor (Table II), in
spite of decreased proliferation. Furthermore, DNA
analyses of cells exposed to transferrin-gallium (Table
II, Fig. 4) showed a decrease of cells in the GI phase
of the cell cycle and indicated there was arrest of cells
in the S phase, and to a lesser extent G2 and Mphases.
Exposure of cells to a lower dose of transferrin-gallium
(25 Mg/ml) also led to eventual growth arrest, but only
after the cells have been replated in fresh media after
the first 72 h and continuously exposed to the trans-
ferrin-gallium for 6 d (Table II). Again, analyses of
surface transferrin receptor showed up-regulation of
receptor compared with the base-line values obtained
with addition of apotransferrin. This up-regulation in-
creased even further as proliferation decreased.

Additionally, although DNAanalyses for the first 3
d of exposure to the low dose gallium was similar to
that seen with transferrin-iron additions, when prolif-
eration decreased at later time points, arrest of cells
in the S phase of the cell cycle became evident (Fig.
4). Significantly, when growth was arrested with either
dose of transferrin-gallium, there was no increase in
cellular differentiation as compared with control cells.
Thus, as opposed to treatment with DMSO, inhibition
of cellular proliferation with transferrin-gallium re-
sults in no significant myeloid differentiation and is

associated with arrest of cells in the S phase of the cell
cycle.

It is of interest that the effect of gallium on cellular
proliferation is similar to the effect caused by inhibi-

4).0
E
z

=)

Fluorescence
Intensity
(DNA)

FIGURE 4 DNA analyses of cells 3 d after subculture in
serum-free media with different forms of transferrin. (A) 25
;&g/ml transferrin-iron: GI, 78%; S, 14%; G2 and M, 8%. (B)
150 #g/ml transferrin-gallium: GI, 31%; S, 59%; G2 and M,
10%. (C) 25 Mg/ml transferrin-gallium: GI, 40%; S, 48%; G2
and M, 12%. In C, cells had been recultured 3 d previously
but had been continuously exposed for 6 d to the same con-
centration of transferrin-gallium, when, therefore, prolif-
eration had ceased.
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tion of transferrin binding with a monoclonal antibody
(17). Recently, we have developed a monoclonal an-
tibody raised against purified human transferrin re-
ceptor that inhibits transferrin binding to HL-60 cells.2
In preliminary experiments, we found that the addi-
tion of unpurified monoclonal antibody (designated
TRA7) contained in hybridoma supernatants resulted
in a dose-related inhibition of cellular proliferation.
Cells grown in a 40% concentration of supernatant
containing antibody showed a slight decrease in pro-
liferation and undetectable transferrin binding by 3
d after subculture. When cells were recultured at day
3 in the same concentration of antibody, proliferation
ceased. Immunofluorescence analyses of surface trans-
ferrin receptor at this time showed that >50% of the
cells were immunofluorescence negative and DNA
analyses revealed that the cells were arrested in the
S phase of the cell cycle, agreeing with the previous
observations (17). Additionally, as with exposure to
transferrin-gallium, monoclonal antibody treatment
did not result in increased differentiation of HL-60
cells as compared with control conditions.

DISCUSSION

Previous studies have demonstrated that actively pro-
liferating nonmalignant and malignant cells express
a marked increase in density of transferrin receptors
as compared with nonproliferating cells (7, 8, 12, 33,
38, 39). The present manuscript further studies this
association by presenting data that indicate that at
early time points after cells are subcultured at low
density to stimulate proliferation, synthesis of trans-
ferrin receptor occurs as early as 4 h after subculture
and a number of hours later this newly synthesized
receptor is expressed as increased surface transferrin
receptor.3 Additionally, analyses of a 12-h sample after
subculture indicates that the marked increase in sur-
face receptor appears before significant increases in
cell proliferation begins. Furthermore, when cells in
different phases of the cell cycle were separately an-
alyzed for immunofluorescent surface transferrin re-
ceptor, the cells in the active phases of the cell cycle
expressed the higher density of transferrin receptor.
This result appeared to be most convincing for cells
in the S phase of the cell cycle, since these cells had

2 Miller, Y. E., C. R. Chitambar, and P. A. Seligman. Un-
published observations.

3 Recent studies performed in collaboration with Dr. Joel
E. Levine, using an ultrastructural immunocytochemical
technique demonstrate that within 4 h after subculture, im-
munologic transferrin receptor is found in rough endo-
plasmic reticulum synthetic sites whereas it is not found on
these sites in confluent cells.

almost similar cell volumes as cells in the GI phase of
the cell cycle, despite a 75% increase in median im-
munofluorescent intensity. These latter results lend
support to earlier studies, which had suggested that a
functional requirement for transferrin occurs after the
S phase of the cell cycle (40), and a more recent study
that demonstrates that cells exposed to a monoclonal
antibody that blocked transferrin binding resulted in
decreased proliferation and arrest of cells in the S
phase (17). Thus, our studies indicate that the in-
creased density of receptor on cells in the active phases
of proliferation may participate in one or more re-
quired events that occur before cell division. When
active proliferation begins, for example, at 24 h after
subculture, it also appeared that cells in the GI phase
of the cell cycle had significantly increased receptor
density as compared with GI cells at confluency. This
finding is not surprising since the half-life of newly
synthesized receptor has been determined to be as long
as 60 h (32) and, thus, the increased receptor found
on cells in active phases of the cell cycle should still
result in higher receptor density on daughter cells
shortly after division, particularly if synthesis of re-
ceptor continues. The higher density of receptor on
cells in GI at this time period may represent a mech-
anism by which HL-60 cells show an increased rate
of proliferation some time after subculture, as evi-
denced by the S-shaped growth curves obtained by us
and others (24).

Since it is not known how the increase in density in
transferrin receptor functions as an event leading to
cell division, we studied several agents that might
modulate transferrin receptor density. The first agent
chosen, DMSO, has been studied extensively in the
HL-60 cell system, and although the mechanism of
action has not been elucidated, cells exposed to DMSO
show decreased proliferation followed by terminal
myeloid differentiation. Although previous reports
have indicated that surface transferrin receptor den-
sity on HL-60 cells decreases during DMSOtreatment
(21, 33) and that this decrease may precede by 24 h
the decrease in cellular proliferation (33), these mea-
surements have not been compared with changes in
untreated cells during different stages of cellular pro-
liferation. Wefound that a specific concentration of
DMSO(1% wt/vol) allowed for an identical rate of
proliferation for the first 3 d of treatment as compared
with untreated cells. Within 12 h after subculture,
DMSO-treated cells showed a marked attenuation of
transferrin receptor with further attenuation at later
time points. Continued DMSOtreatment, even when
a stimulus for proliferation was provided by subcul-
turing cells in fresh media, resulted in cessation of
proliferation, arrest of cells in GI phase of the cell
cycle, followed by significant myeloid differentiation.
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These results suggest that although DMSOtreatment
results in attenuation of transferrin receptor expres-
sion, the density of receptor present may allow for a
finite number of cell divisions to occur, but the further
decrease in receptor expression may be at least one
factor responsible for cessation of proliferation. The
attenuation of expression of transferrin receptor caused
by DMSOappears to be complex and may be due to
one or more of the following factors: (a) decreased
receptor synthesis, although the decrease in synthesis
may be somewhat delayed, since DMSOtreatment
does allow for any early increase in transferrin recep-
tor density (Fig. 2), whereas cyclohexamide com-
pletely inhibits any increase in receptor; (b) decreased
availability of functional receptor, although measure-
ments of total cellular immunoreactive receptor in
treated cells are proportionately decreased, suggesting
that any change in receptor must cause marked im-
munologic differences; (c) increased receptor degra-
dation, a factor that may be significant, since control
cells initially treated with DMSOat highest receptor
density (24-h control sample) measured 24 h after
treatment have even less surface transferrin binding
(60% of 48-h control sample) than a similar group of
cells treated with cyclohexamide (85% of control
sample).

In additional experiments, we studied the effect of
agents that we hypothesized would be more specific
in affecting transferrin receptor expression. Previous
studies have shown that radioactive gallium was taken
up avidly by certain tumors (41), and the use of gal-
lium salts as an antitumor agent had been suggested
a number of years ago (42). More recent studies suggest
that the addition of transferrin potentiates gallium
salt-mediated arrest of cellular proliferation (36), an
effect that may be related to inhibition of iron uptake
(37). Weused a well controlled serum-free system to
demonstrate that cells exposed to transferrin-gallium
showed a dose-related decrease in cellular prolifera-
tion and an associated up-regulation of surface trans-
ferrin receptor. The fact that this effect can be inhib-
ited by either the addition of transferrin-iron or iron
salts to the media adds further proof that increased
transferrin receptor density during proliferation func-
tions to provide iron to proliferating cells.4 Thus, our
experiments showing similar rates of proliferation us-
ing either apotransferrin or transferrin-iron may be
deceiving, since iron present even in trace amounts in
media may be enough to support a kinetically active
iron pool necessary for cell division. The effect of gal-

4Chitambar, C. R., and P. A. Seligman. Unpublished ob-
servations.

lium on arrested proliferation, can be distinguished
from the DMSOeffect by at least two aspects: (a)
Transferrin-gallium treatment is associated with an
increase in transferrin receptor density suggesting up-
regulation of receptor, whereas DMSOtreatment re-
sults in decreased transferrin receptor. (b) Arrested
proliferation with DMSOresults in accumulation of
cells in the GC phase of the cell cycle, whereas trans-
ferrin-gallium, as with our preliminary study using
blocking monoclonal antibody and the studies of others
(17), results in arrest of cells in active phases of the
cell cycle (particularly S phase). This latter effect may
be related to the fact that DMSO-treated cells precede
through the stages of myeloid differentiation and gal-
lium-treated cells do not show significant increases in
differentiation even though growth arrest occurs. Thus,
although there is some controversy as to whether dif-
ferentiation is linked to cessation of proliferation and
arrest of cells in a specific phase of the cell cycle (24,
43), the above data support the recent hypotheses that
cells must be arrested in a specific stage of GI to dif-
ferentiate (18). These data additionally indicate that,
although modulation of receptor density, with agents
such as DMSOor phorbol esters (44), may be associated
with differentiation, the specifics of this association are
presently unknown.

It appears, therefore, that the modulation of trans-
ferrin receptor associated with DMSOexposure is as-
sociated with other events besides simply an inhibition
of iron uptake or transferrin binding to cells, since
arrest of cells occurs at a different stage in the cell
cycle and differentiation begins. However, it is also
clear that agents that affect iron uptake may be useful
in further studies to better define cellular proliferation
and additionally may be useful as chemotherapeutic
agents. Significantly, since our in vitro studies show
that transferrin-gallium results in marked inhibition
of cellular proliferation, reevaluation of the use of
gallium salts as a chemotherapeutic modality should
recognize gallium interactions with transferrin, as has
been suggested by clinical studies at other institu-
tions (45).
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