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ABSTRACT

Treatment of HL-60 leukemia cells with the inducers of differentiation
dimethyl sulfoxide (DMSO) and 6-thioguanine (TG) reduces the prolif
eralivecapacity of the cells. DMSO acted in a serum-independentmanner
and reversibly inhibited competence to enter S phase after 24 h of
treatment. Purified human granulocyte-macrophage colony-stimulating
factor (GM-CSF) but not human CSF-1, restored S phase competence
and growth of DMSO-treated cells over a 7-day period. GM-CSF had
no effect on the saturation density of control cells, even underconditions
of reducedgrowth. Furthermore,GM-CSF antagonized the growth inhib
itory actions of TG associated with cytodifferentiation but not those
associated solely with TG cytotoxicity. The number of high affinity, cell
surface GM-CSF receptors doubled after treatment of HL-60 cells with
DMSO for 24 h and reached a maximum 4- to 5-fold increase within 72
h of exposure. The Adof GM-CSF binding, 240 pM, was comparable to
the concentration required to elicit a mitogenic response in DMSO-
treated cells. An HL-60 variant that had been selected for resistance to
TG-induced growth inhibition and differentiation (R. E. Gallagher et al.,
Cancer Res., 44: 2642-2653, 1984) was found to have less than 20% of
the cell surface GM-CSF receptors when compared to either wild type
cells, or a variant line selected for resistance to TG cytotoxicity. These
studies demonstrate that HL-60 cells undergoing differentiation simul
taneously lose autonomous growth properties and acquire cell surface
growth factor receptors and mitogenic responsiveness.

INTRODUCTION

HL-60 human leukemia cells are capable of both continuous
proliferation /// vitro as transformed promyelocytes and the
reinitiation of terminal differentiation programs leading to
mature granulocytes or monocytes (1, 2). Clonal assays have
demonstrated that the induction of differentiation of HL-60
cells by DMSO3 and other agents limits the proliferative capac

ity of these cells to an average of 4 divisions after the addition
of the inducer (3, 4). This programmed loss of self-renewal
capacity is an integral part of the differentiation program of the
cells, which also includes the appearance of a variety of mor
phological, biochemical, and functional changes (1, 5).

The signal for the loss of self-renewal capacity that occurs
with either DMSO or retinoic acid treatment is distinct from
and precedes the "commitment" of the cells to terminally
differentiate (6-8). The signal for the loss of self-renewal ca
pacity occurs between 18 and 24 h of DMSO treatment (6, 7).
Cells destined to lose self-renewal potential are still able to
complete 2-3 rounds of division in the presence of the inducer
before terminally dividing (6, 7). Furthermore there is a limited
period of time after the cells are treated with inducers in which
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the coordinated loss of self-renewal can be reversed either by
removing the inducer or by the addition of CSF (7, 8).

Malignant transformation is generally associated with the
escape of tumor-derived cell lines from dependence on exoge
nous growth factors for proliferation in vitro (9). Although
primary cultures of human leukemia cells generally are not
capable of indefinite proliferation in vitro, HL-60 leukemia cells
are able to proliferate in defined medium in suspension culture
(10, 11) and in semisolid medium (11) in the absence of serum.
Because of the changes in self-renewal capacity that accompany
the induction of HL-60 differentiation, we have examined the
effect of CSF on the cells after DMSO treatment. We find that
these cells show reduced growth autonomy, as judged by the
higher concentrations of serum required for proliferation, and
up-regulate the number of cell surface receptors which presum
ably mediates an enhanced responsiveness to a specific growth
factor.

The purine antimetabolite TG inhibits cell growth by inter
fering with DNA synthesis and function after its conversion to
a TG-nucleotide (12). If this metabolic activation is blocked,
either by biochemical competition (13) or the loss of the re
sponsible enzyme activity (14, 15), cells can be treated with
concentrations of TG that are highly effective in inducing HL-
60 cell differentiation. Previous studies have suggested that the
underlying biochemical mechanisms of growth inhibition that
accompany TG-induced cytodifferentiation are likely different
from those associated with TG cytotoxicity (15, 16). In this
report, this hypothesis is supported by the observation that the
growth factor GM-CSF antagonizes only the loss of prolifera
tive capacity associated with TG-induced differentiation. Fur
thermore, a cell line selected for resistance to this growth
inhibitory action of TG was found to have less than 20% of the
number of cell surface GM-CSF receptors compared to either
the wild type HL-60 or cells selected for resistance to the
antipurine cytotoxic actions of TG.

MATERIALS AND METHODS

Cell Cultures. Human promyelocytic HL-60 leukemia cells were
obtained from Dr. Robert Gallo and were passaged weekly in RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine
serum (GIBCO). Cells were maintained in a humidifed 5% ('()_. atmos
phere at 37Â°C.Cells between passage 25 and 50 were used in these

experiments. Cells were routinely screened and found to be free of
Mycoplasma contamination.

Variant HL-60 cell lines (14) were provided by Dr. Robert Gallagher
and had been selected for resistance to TG by growth after a brief
exposure to 3 n\t TG (HL-60/TG3) and subsequent exposure to 30 and
120 /IM TG (HL-60/TG120). The degree of resistance of each cell line

was relatively stable with continued growth for at least three months in
the absence of TG (14).

For growth in DM, mid-log phase cells were washed once with RPMI
1640 and resuspended in RPMI 1640 with insulin, 5 Mg/ml, and
transferrin, 5 jig/ml (10). Cell growth was determined on a Coulter
Model ZF particle counter. Cell viability was assessed by trypan blue
exclusion. Cell differentiation was assessed by determining the percent-
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age of cells reducing nitroblue tetrazolium (Sigma) to insoluble blue-
black formazan granules, using methods previously described (5).

CSF. Highly purified human urinary CSF-1 (2.0 units/ng) was pro
vided by Dr. E. R. Stanley (17). High performance liquid chromatog-
raphy-purified recombinant human GM-CSF (4.7 unit/ng) was ob
tained from Genetics Institute (Cambridge, MA) (18). In some experi
ments, GCT-CM (GIBCO) was used; it is a source of CSF as well as
other hemopoietins (19), and contains 10% FBS.

DNA Synthesis. To evaluate the effect of DMSO treatment on the
growth stimulatory effects of various factors, cells were suspended at 2
x 105/rnl in medium containing 0.2% FBS, 5 Â¿tg/mltransferrin, and

1.25% DMSO. Control flasks had no DMSO. In preliminary studies,
no change was observed in cell number or viability under these culture
conditions. After 24 h, cells were washed once in medium and resus-
pended in DM. Cells were incubated under these conditions or with the
addition of GCT-CM, purified human urine CSF-1, or high perform
ance liquid chromatography-purified human recombinant GM-CSF. At
the indicated time intervals, duplicate 1-ml aliquots were incubated (20
min at 37'C) with 1 /Â¿Ci[methyl-}H]-thymidine (50 Ci/mmol; ICN).

Cold trichloroacetic acid (5% w/v) was added, the pellets were washed
3 times, and acid-insoluble counts were determined by liquid scintilla
tion counting.

Radioiodination of GM-CSF and Binding Assays. One Â¿<Uof GM-CSF
was iodinated by a 2-phase chloramine-T method (20). Reactions
contained 1 mCi carrier-free Na'2!I (New England Nuclear) and 50 mM

phosphate buffer in a volume of 40 //I. The filter paper was changed 3
times over 60 min. The reaction was stopped by the addition of 20 n\
0.1 M KI, and the labeled protein separated from unincorporated
radioactivity by twice eluting from a 1 ml column of Sephadex G-25.
Both the unlabeled and the radioiodinated GM-CSF appeared as single
bands of M, 30,000 upon sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and staining or autoradiography.

For binding assays, HL-60 cells (8 x 10") were washed and resus-

pended in 0.4 ml binding buffer (a-minimal essential medium with 2
mg/ml bovine serum albumin and 5 HIM4-(2-hydroxyethyl)-l-pipera-
zineethanesulfonic acid, pH 7.4). Cells were incubated with '"I-labeled
GM-CSF (1 nM, 0.16 /iCi/pmo!) for 2 h at 25Â°C,conditions shown to

result in binding equilibrium (20). Cells were then centrifugea through
75% serum, rapidly frozen, and the bottom of the tube containing the
cell pellet was cut off and counted. Specific binding was calculated by
subtracting binding observed in the presence of 50x concentration of
unlabeled GM-CSF from the total binding. Nonspecific binding ranged
from 1.0-1.5% of cpm added.

RESULTS

Effect of Serum on Growth of Control and DMSO-treated
Cells. HL-60 cells proliferate in medium containing 10% FBS
with a doubling time of 32 h and a saturation density (cell
density on day 7) of approximately 2.5 x 106/ml. When sus

pended in defined medium (RPMI 1640, insulin, and transfer
rin) control cells exhibited continuous proliferation over 7 days
with a population doubling time of 48 h, while in contrast those
treated with DMSO ceased dividing after approximately one
population doubling. Cells in the latter group remained viable
as judged by trypan blue exclusion (90% on day 3 and 50% on
day 7), and reentered the cell cycle upon the addition of FBS
(approximately 79% of cells on day 3 and 17% on day 7, when
compared to DMSO-treated cells maintained in FBS).

The dependence of saturation density on serum concentration
is illustrated in Fig. 1. The serum concentration of control cells
could be reduced to as low as 0.5% without affecting saturation
density. Although DMSO treatment substantially reduced sat
uration density at all concentrations of serum tested, the cells
responded similarly to control cells to reduced serum condi
tions.

Mitogenicity of GM-CSF. In contrast to the nonspecific ac
tion of serum, purified human GM-CSF partially restored the

self-renewal capacity of the DMSO treated cells but had no
effect on control cells (Fig. 1). GM-CSF was equally efficacious
in DM and in serum-containing medium. The saturation den
sity of DMSO-treated cells grown in GM-CSF and 10% FBS
was 85% of that of control cells grown under the same condi
tions, which was not significantly different (Fig. 1). The pres
ence of serum or GM-CSF had minimal effect on DMSO-
induced cell differentiation; the percentages of nitroblue tetra-
zolium-positive cells on day 7 in DM, medium with 10% FBS,
or medium with 10% FBS and 5 HM GM-CSF were 83% Â±5
(SEM), 85% Â±6, and 70% Â±9, respectively.

To evaluate the effect of a brief DMSO exposure on the
competence of HL-60 cells to enter S phase, the time course of
I'H jthymidinf incorporation was measured beginning immedi

ately after a 24-h exposure to DMSO. Culture conditions
(RPMI 1640, transferrin, and 0.2% FBS) for the initial 24 h
were such that no increases in cell number occurred, but the
cells remained viable (10). Cells were washed to remove the
DMSO and resuspended in defined medium or DM with GCT-
CM (Fig. 2). Cells treated with DMSO for 24 h continued to
show a decrease in DNA synthesis in DM for at least 24 h after
the removal of the DMSO, at which time they began to reenter
the cell cycle. This lag was substantially reduced by GCT-CM,
indicating that this combination of CSF and a low concentra
tion of FBS was sufficient to restore competence. The specificity

32 F
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Fig. 1. Effect of DMSO (1.25%) and GM-CSF (5 nM) on the dependence on
serum for cell growth. HL-60 cells were suspended at 10'/ml in medium with

varying concentrations of FBS. Cell concentrations were determined on day 7.
Control, â€¢;control plus GM-CSF, O, DMSO, A; DMSO plus GM-CSF, A.
Cone, concentration.

Fig. 2. Stimulation of DNA synthesis by GCT-CM. HL-60 cells were sus
pended at 2 x I0'/ml in medium containing 0.2% FBS and 5 pg/ml transferrin,
with (A) or without (O) 1.25% DMSO. After 24 h, both the control and DMSO-
treated cells were washed once and resuspended in medium with 0.2% FBS,
insulin, and transferrin (left) or 5% GCT-CM (right). At the indicated times,
duplicate 1-ml aliquots were incubated (20 min at 37*C) with 1 **Ci[3H]thymidine
and the incorporation into acid-insoluble material determined. Values, means Â±
SEM (bars) of 3 experiments.
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of CSF action was evaluated using purified human CSF-1 or
GM-CSF. Cells were treated with DMSO for 24 h, washed free
of inducer, and treated for an additional 24 h with various
concentrations of CSF in medium containing 0.2% FBS, insu
lin, and transferrin. Neither CSF-1 nor GM-CSF had any
stimulatory effect on control cells compared to cells cultured
without CSF; upon pretreatment with DMSO, the cells became
responsive to GM-CSF but not to CSF-1 (Fig. 3). The 3-fold
increase in DNA synthesis produced by 250 pM GM-CSF was
comparable to that produced by 5% GCT-CM. In similar stud
ies, G-CSF was also found not to stimulate proliferation of
DMSO-treated HL-60 cells (22).

Effect of GM-CSF on Growth Inhibition by TG. The inhibition
of proliferation of HL-60 cells in suspension culture by TG and
the effect of GM-CSF was examined (Fig. 4). The cytotoxicity
of TG was reduced 76-fold by cotreatment with inosine and
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Fig. 3. Stimulation of DNA synthesis by human CSF-1 or GM-CSF. HL-60
cells were treated with (A)or without (a) 1.25% DMSO for 24 h as described in
Fig. 2. After removal of the DMSO, the cells were resuspended in RPMI 1640
with 0.2% FBS, insulin, and transferrin, and the indicated concentrations of
purified human urinary CSF-1 (O), purified human recombinant GM-CSF (â€¢),
or 5% GCT-CM (d). After 24 h, [3H]thymidine incorporation was determined as

described in Fig. 2. Bars, SEM.

O 200 400 600 O 200 400 600 800
6-Thioguanine Conc. (>iM)

Fig. 4. Effect of TG and GM-CSF on proliferation of HL-60 cells. Wild type
HL-60 cells (a) or variant cell lines HL-60/TG3 (c) and HL-60/TG120 (d) were
suspended at lO'/ml with the indicated concentrations of TG in the absence (â€¢)
or presence (O) of 5 HMrecombinant human GM-CSF. The effect of TG on wild
type cells in the presence of 1 HIMinosine (b) was also examined. Cell counts
were determined on day 7. Values, means Â±SEM (bars) for 3 experiments. Conc,
concentration.

117-fold in a cell line (HL-60/TG3) selected for the reduced

hypoxanthine guanine phosphoribosyl transferase activity (Ta
ble 1). This degree of resistance likely reflects the inhibition of
conversion of TG to TG-nucleotides by either metabolic com
petition or loss of the enzyme activity required for purine
salvage (13, 14). There was a small, but reproducible, increase
in the toxicity of TG when GM-CSF was added to HL-60 cells.
In contrast, there was a 2-fold reduction in the cytotoxic potency
of TG by GM-CSF in the presence of inosine, and a greater
than 3-fold reduction by GM-CSF in the potency of TG when
evaluated in the HL-60/TG3 cells.

The HL-60/TG120 cells were 4.5-fold resistant to TG when
compared to the HL-60/TG3 cells and over 500-fold resistant

to TG when compared to the wild type cells (Table 1). In
contrast to the HL-60/TG3 cells, from which they were derived,
the sensitivity of the HL-60/TG120 cells to TG was not altered
by GM-CSF. Furthermore, the dose-response curve of the HL-
60/TG120 cells in the absence of GM-CSF was similar to that
of the HL-60/TG3 cells in the presence of GM-CSF (Fig. 4).

TG is a highly efficacious inducer of HL-60 differentiation
in cells lacking hypoxanthine guanine phosphoribosyl transfer
ase activity or in the presence of inosine (13-15). The concen
tration of TG required for 50% induction of differentiation of
the HL-60/TG120 cells was approximately twice that of the HL-
60/TG3 cells; however, in neither cell line did GM-CSF affect

the extent of differentiation observed (Fig. 5).
GM-CSF Receptors. The specific binding of 125I-labeledGM-

CSF to HL-60 cells was assessed as a function of time. Specific
binding to DMSO-treated cells was increased 2-fold after 24 h,
approximately 3-fold after 48 h, and 4- to 5-fold after 72 h (Fig.
6). Scatchard analysis indicated that the increase was due to an
increase in receptor number, with no change in the apparent A,,
of 240 pM (data not shown).

The specific binding of GM-CSF to cell surface receptors on
the variant HL-60 cell lines was examined as a possible expla
nation for the differences in effect of TG-induced growth inhi-

Table 1 Thioguanine concentration (ILM)required to inhibit cell growth by 50%
Cells were treated as described in Fig. 4.

Medium addition

Cell line None GM-CSF
50% inhibitory

concentration ratio

HL-60
HL-60 + inosine
HL-60/TG3
HL-60/TG120

0.85
65

100
450

0.75
140
330
500

0.88
2.16
3.30
1.11

100 200 300 400 500 600
6-Thioguanine Cone. (pM)

Fig. 5. Effect of GM-CSF on TG-induced cell differentiation. Cell InÃ¨sHL-
60/TG3 (â€¢,O) and HL-60/TG120 (A, A) were suspended at 105/ml with the

indicated concentrations of TG, in the presence (O, A) or absence (â€¢,A) of 5 nM
GM-CSF. Cell differentiation was assessed on day 7 by staining with nitroblue
tetrazolium (NBT), as described in "Materials and Methods." Cone., concentra

tion.
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DAYS

Fig. 6. Specific binding of 1:'I-labeled GM-CSF to control and DMSO-treated
cells. HL-60 cells were suspended at 3 x lOVml with (â€¢)or without (O) 1.25%
DMSO. At the times indicated, K x 10" cells were washed and incubated (2 h at
25'C) with '"[-labeled GM-CSF (1 nw) as described in "Materials and Methods."
Specific binding was that which was not blocked by a SO-fold concentration of
unlabeled GM-CSF. Values, means Â±SEM (bars) of at least 4 determinations.
Values for DMSO-treated cells were significantly greater than control cells for
all time points, at P < 0.05.

Table 2 High affinity cell surface GM-CSF receptors on HL-60 cell lines
Binding assays were done as described in "Materials and Methods." Cells (IO7)

were suspended in 0.4 ml binding buffer and incubated with '"I-labeled GM-CSF
(1 nw, 0.16 (iCi/pmol) for 2 h at 25'C. Cells were centrifuged through 75%

serum, rapidly frozen, and the cell pellet cut off and counted. Values (means Â±
SEM of at least 4 determinations) are specific bindings calculated by subtracting
the binding observed in the presence of a SOx concentration of unlabeled GM-
CSF from the total binding.

CelllineHL-60

HL-60/TG3
HL-60/TG120fmol

bound/
IO7cells2.09

Â±0.20
1.93 Â±0.08
0.38 Â±0.03"Receptors/cell126

Â±12
116Â±5.1
23 Â±1.6

â€¢Significantly different than HL-60, at P < 0.05.

bition. The apparent number of high affinity GM-CSF receptors
on the HL-60/TG120 cells was less than 20% of the number on
either the wild type or the HL-60/TG3 cells (Table 2).

DISCUSSION

HL-60 leukemia cells do not require exogenous growth fac
tors other than insulin and transferrin for proliferation in
suspension culture (10). DMSO treatment reduces the ability
of cells to enter S phase in DM after they have completed one
population doubling. Higher concentrations of serum are also
required to maintain the self-renewal capacity of DMSO-treated
cells relative to that of control cells. Hence DMSO treatment
of HL-60 cells has an effect opposite to that of viral transfor
mation of 3T3 cells, a process which reduced the serum require
ments of the cells for growth and multiplication (21). The
reduction of the lag phase for [3H]thymidine incorporation upon
addition of GCT-CM suggests that the DMSO-treated cells
were competent to enter S phase, provided the appropriate
growth factor was present (22). This functional change persisted
for approximately 24 h after the removal of the DMSO, at
which point the cells regained the ability to proliferate in
defined medium.

Further evidence dissociating the cytotoxic actions of TG
from its cytodifferentiation activity is also provided. Under
conditions in which it is converted to a nucleotide, TG inhibits
cell proliferation by direct antipurine actions and as a conse
quence of its incorporation into DNA (12). Previous reports,
however, have suggested that alternative mechanisms are re

sponsible for the activity of TG as an inducer of differentiation
(16,23). Despite the fact that it is not converted to a nucleotide
in the presence of inosine or in the absence of hypoxanthine
guanine phosphoribosyl transferase activity (13,15), TG retains
antiproliferative activity. Cells treated under these conditions
stop dividing in (i, of the cell cycle in contrast to conditions in
which TG is cytotoxic where the cells are blocked in the S and
G2 + M phases (16). This antiproliferative activity of TG is
partially reversed by human GM-CSF, suggesting that TG
causes a reversible block to self-renewal by impairing the tran
sition of the cells from resting to S phase.

The growth stimulatory effect of GM-CSF can be distin
guished from that of serum based on the selectivity for HL-60
cells that have initiated a granulocytic maturation program.
GM-CSF had no detectable effect on either control HL-60 cell
proliferation in suspension, even when cultured under subopti
mal conditions, or on cells treated with TG where differentia
tion was not induced. Other investigators have reported that
GM-CSF both stimulates HL-60 proliferation in short-term
culture and suppresses clonogenicity, suggesting that GM-CSF
can have subtle effects on control HL-60 growth (24).

Previous studies have demonstrated that induction of granu
locytic differentiation increased the number of high affinity
receptors for GM-CSF on fully differentiated (i.e., day 7) HL-
60 cells (20). On the other hand, induction of monocytic but
not granulocytic differentiation increased the expression of c-
fms (25), the putative product of which is the CSF-1 receptor
(26). Our experiments indicate that the up-regulation of GM-
CSF receptors is an early event in the differentiation program
of HL-60 cells. GM-CSF but not the monocyte specific CSF-1
stimulated DNA synthesis in cells pretreated with DMSO, an
inducer of granulocytic differentiation. Control cells did not
exhibit this response. Half-maximal stimulation of DNA syn
thesis occurred at a GM-CSF concentration between 75 and
250 pM (Fig. 3), which was in the range of binding of 125I-
labeled GM-CSF to the cells. This finding suggests that the
increase in receptor number serves to maintain the proliferative
capacity of the leukemic cells undergoing terminal differentia
tion in the presence of GM-CSF. Furthermore, the effect of
GM-CSF on DMSO-treated cells was analogous to one func
tion of this molecule in normal hematopoiesis, in which it
serves as a requisite growth factor for both progenitor and
mature myeloid cells (20).

In contrast to normal bone marrow progenitor cells, HL-60
cells were able to spontaneously form colonies in semisolid
medium without the addition of growth stimulating factors
other than serum (27, 28) and also in serum-free semisolid
medium (11). Conditioned medium containing CSF had similar
stimulatory effects on the clonogenicity of normal bone marrow
and HL-60 cells under serum-free conditions (11). In the pres
ence of serum, however, a much greater stimulation of normal
bone marrow progenitors than of HL-60 cells was observed
(11). These findings suggest that the growth controls of HL-60
leukemia cells are relaxed but not absent when compared to
either normal bone marrow progenitors or DMSO-treated cells,
and as has been suggested for transformed cells in general (29).
Although DMSO-treated cells are ultimately destined for ter
minal cell division, they have not lost the capacity to divide
before becoming post-mitotic; rather they are more stringently
regulated by a requirement for exogenous growth factor.

The loss of GM-CSF receptors on cells selected for resistance
to TG suggests that a receptor mediated pathway might be a
target for some of biological actions of TG. Loss of these
receptors did not occur upon the initial selection of cells for
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resistance to the cytotoxic antipurine actions of TG. The re
duced binding of '"I-labeled GM-CSF to the cells could reflect

the loss of the receptor protein from the cell surface; alterna
tively other changes in receptor conformation or structure, as
have been reported for the epidermal growth factor receptor,
are possible (30).
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