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ABSTRACT

In order to investigate the interaction of factors from leukocyte-

conditioned medium with leukemic cells, effects of an ammonium
sulfate-precipitated conditioned medium concentrate were
tested upon HL-60 cells. This preparation increased tritiated
thymidine incorporation into DNA of HL-60 cells markedly, an

effect which was found to be attributable in large part to greater
thymidine accumulation in the intracellular nucleotide triphos-

phate pool. A modestly expanded population of DNA synthetic
phase cells was also demonstrated by flow cytometry. Similar
effects were noted of the K562 and KG-1 cell lines and were
also demonstrable with giant cell tumor-conditioned medium.
These effects were not demonstrable with a purified preparation
of granulocyte-monocyte colony-stimulated factor. Because of

the altered pattern of nucleotide metabolism noted, the effect of
the conditioned medium concentrate upon 5-fluorouracil sensitiv
ity was tested. Following continuous 24-h exposure to 5-fluo
rouracil at 5 x 10~6 M, tritiated thymidine incorporation of HL-60

cells increased in parallel with depletion of endogenous thymi-

dylate. Conditioned medium concentrate markedly sensitized
cells to this effect of 5-fluorouracil and also increased growth

retardation, cytotoxicity, and cell cycle arrest as assessed by
flow cytometry. These studies thus demonstrated marked effects
of a factor in conditioned medium on deoxynucleotide uptake
and metabolism of the HL-60 line. These effects occurred in

conjunction with, but were relatively more marked than, effects
upon cell cycle distribution and were found to influence chemo
therapy sensitivity.

INTRODUCTION

The HL-60 cell line is a human promyelocytic leukemia cell line
which has been useful as a model of several aspects of leukemic
growth (2). Foremost among its properties of interest is its ability
to exhibit alternate patterns of differentiation following exposure
to a variety of chemicals, with both granulocytic (2) and mono-
cytic patterns of such differentiation having been described (3-

5). A monocytic or myelomonocytic pattern of differentiation

Received 6/6/85; revised 9/3/85; accepted 9/5/85.
The costs of publication of this article were defrayed in part by the payment of

page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported in part by Grant CH224 from the American Cancer

Society, Inc., and was performed in part under the auspices of the United States
Department of Energy and the Los Alamos National Flow Cytometry and Sorting
Research Resource funded by the Division of Research Resources of NIH (Grant
P41-RR01315-01A1) and the Department of Energy. Presented in part at the 76th
Annual Meeting of the American Association for Cancer Research (1).

"To whom requests for reprints should be addressed, at 900 Camino de Salud,

NE, Albuquerque, NM 87131.

following exposure to LCM3 has also been reported (5, 6).

Mitogen-stimulated LCM is a source of several lymphokines,
including CSF (7-9) and IFN-7, which has recently been identified
as a differentiation-inducing factor for HL-60 (10,11 ). In apparent
contrast to the differentiative responses of HL-60, initial exposure
to LCM has been associated with increased proliferation of HL-
60, as assessed by [3H]dThd incorporation (6), and CSF from

various sources has been reported to enhance HL-60 clonal

growth in semisolid medium (12). Others, using flow cytometry,
have only noted inhibitory effects of LCM upon HL-60 prolifera

tion (13,14).
The purpose of this study was to clarify the nature of the early

proliferative effects of LCM upon HL-60. Using ammonium sulfate

precipitation of LCM, a highly concentrated partially purified
preparation was obtained (LCM-C), which was capable of in
creasing [3H]dThd incorporation into DNA of HL-60 cells by 10-

fold or greater. Analysis of this effect disclosed that the high
degree of stimulation noted was based upon multiple effects,
including greater intracellular accumulation of [3H]dThd and a

larger proportion of S-phase cells following treatment. Study of

this effect with alternative cell lines and sources of growth factors
suggested that this may be an effect of a factor other than CSF-

GM upon cells at an earlier stage of differentiation than the
committed progenitor. Because of the prominent alterations of
deoxynucleotide metabolism induced by LCM-C, this preparation

was also tested as a modulator of chemotherapy sensitivity and
found to markedly sensitize to effects of 5-fluorouracil by meta

bolic mechanisms distinct from changes in cell cycle distribution.

MATERIALS AND METHODS

Materials. All biochemicals were purchased from Sigma Chemical Co.,
St. Louis, MO, unless otherwise noted. [metf)y7-3H]Thymidine (77 Ci/
mmol), [8-3H]deoxyadenosine (21 Ci/mmol), [5-3H]deoxycytidine (20 Ci/
mmol), [8-3H]deoxyguanosine (8.5 Ci/mmol), and [a-Å“P]deoxyadeno-

sine, deoxycytidine, deoxyguanosine, and thymidine triphosphates (3000
Ci/mmol) were purchased from ICN Pharmaceuticals, Irvine, CA. 5-[6-
3H]Fluorouracil (28 Ci/mmol) was purchased from Research Products

International, Mount Prospect, IL. Hoechst 33342 was purchased from
Calbiochem-Behring Corp., La Jolla, CA, and Pyronin Y was from Poly-
sciences, Inc., Warrington, PA. GCT-conditioned medium was purchased
from Gibco Laboratories, Inc., Santa Clara, CA. Purified human CSF-GM

was obtained from Genzyme, Inc. (Boston, MA). Cell lines were passaged
in modified McCoy's Medium 5A with 15% fetal calf serum and harvested

for experiments while in exponential growth.
Conditioned Medium. PhytohemagglutininiLCM was prepared by in-

"The abbreviations used are: LCM. leukocyte-conditioned medium; LCM-C,
leukocyte-conditioned medium, concentrated; CSF-GM, colony-stimulating factor-
granulocyte, macrophage; IFN--y, y-interferon; dThd, thymidine; GCT, giant cell
tumor; 5-FU, 5-fluorouracil; CSF, colony-stimulating factor.
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cubating Ficol:Hypaque (specific gravity, 1.077) interface peripheral
blood mononuclear cells at 2 x 106 cells/ml of complete culture medium

with phytohemagglutinin (1 ng/m\) for 5 to 7 days in a humidified CO2
environment. The supernatant was harvested, brought to 55%
(NHUfeSO^ and stirred in the cold overnight. The precipitate was har
vested by centrifuging at 15,000 rpm and resuspended in approximately
10% of the original volume of hypotonie buffer [5 x 10~3 M KH2PO4-

K2HP04 (pH 7.5):10% glycerol:0.1% 2-mercaptoethanol]. The superna

tant was brought to 85% (NH^SO^ and the precipitate was harvested
and resuspended as above. Resuspended (NH4)2SO4 precipitates were
then dialyzed against three changes of phosphate-buffered saline (pH
7.4), filtered using 0.2-/.m Nalgene filters, assayed for protein content
using the Bio-Rad method, and stored at -20Â°C.

Nucleotide Uptakes and Pool Analysis. Overall incorporation of
[3H]thymidine into macromolecules was measured upon replicate cul

tures in 24-well plates (Falcon, Oxnard, CA), each of which contained 1
x 105 cells, in 0.4 to 0.6 ml of medium, with additions as indicated. After
24 h, 0.5 MO of [3H]thymidine was added to each well, and the cultures

were incubated for 2 more h. Incorporation was terminated with 1 ml of
ice-cold 1 ITIMthymidine per well in phosphate-buffered saline, and cells
were harvested onto glass fiber filters using a Model M-24 automatic cell

harvester (Brandel, Rockville, MD). Counts per minute were determined
by liquid scintillation. These experimental conditions were within the
linear range for cellular and [3H]thymidine concentrations. More detailed
analysis of uptake into subcellular compartments of the four 3H-deox-

ynucleotides and [3H]5-FU was performed as follows. Cells were exposed

to each tracer (2 MCi/ml) for the times indicated. Cells were pelleted, and
the supernatant was carefully removed. The pellet was then incubated
for 20 min at 4Â°Cin 1 ml of 0.5 N HCIO4 and then centrifuged at 2000

rpm; the supernatant was removed and added to 0.05 ml of 1 M Tris (pH
8.0) with 0.1 ml of 5 N KOH; and the pH was adjusted to 7.5 to 8.0. The
HCIO4 pellet was resuspended in 1 ml of 0.3 N KOH and incubated at
37Â°Cfor 16 h. Sixty /il of 5 N HCI were added to neutralize each sample.
Total (corresponding to RNA and DNA) cpm were determined upon 0.5-

ml aliquots, and counts present in DNA were determined by measuring
trichloroacetic acid-insoluble counts of the remaining 0.5 ml (15).

Neutralized, HCIO4 extract supernatants were assayed for each de-
oxyribonucleoside triphosphate pool using Micrococcus luteus DNA pol-
ymerase (16), the corresponding Â«-^P-labeled deoxyribonucleoside tri
phosphate, and the appropriate template (poly d(A-T)-d(A-T) (17) or poly
d(l-C)-d(l-C) (18, 19)) as previously described (15, 20, 21). In addition,
the uptake and conversion of exogenously added 3H-labeled nucleosides

into the intracellular acid-soluble deoxyribonucleoside triphosphate pools

were determined using similar DNA polymerase:template incubations
(15). Statistical comparisons were performed using the Student t test.

Flow Cytometrv. Following the indicated incubations, cells were
washed and resuspended in 1 part of 1 mw EDTA in phosphate-buffered

saline to which were then added 3 parts of 95% ethanol. Cells were
stored at 4Â°Cuntil analysis. For single laser analysis of DNA distributions,
cells were pelleted and resuspended at a concentration of 5 x 105/ml in

mithramycin (0.1 mg/ml) in 12.5 mw MgCI2:0.9% NaCI solution (22).
Staining of ethanol-fixed cells for simultaneous DNA-RNA analysis was

performed using a modification (23) of a procedure by Shapiro (24). Cells
were resuspended in Hoechst 33342 (0.5 M9/m|)Â¡nphosphate-buffered

saline for 15 min. Subsequently, an equal volume of a solution containing
Pyronin Y (2.0 /Â¿g/ml),Hoechst 3342 (0.5 M9/ml), and phosphate-buffered

saline was added 5 min prior to analysis (25). Final cellular concentration
was 5.0 x 105/ml. Simultaneous DNA and RNA analysis was performed

by exciting sequentially the Hoechst dye in the UV using an argon laser,
followed by excitation of the Pyronin Y using a krypton laser (530 nm)
(25). Computer analysis of cell cycle distribution was performed as
previously described (26).

RESULTS

Following 24 h of incubation, LCM induced dose-dependent
increases of [3H]dThd incorporation into HL-60 cells (Chart 1).

ISOOr-

K> IS 20

LCM PROTEIN ADDED mg./ml.
Chart 1. [3H]dThd incorporation of LCM-treated HL-60 cells. Cells were cultured

in multiweil plates with the indicated concentrations of crude LCM (â€¢),55%
(NH,)?SO4 LCM precipitate (â€¢).and 85% (NH4)2SO4LCM precipitate (A), pulsed,
harvested, and counted as described in "Materials and Methods." Points, mean of

quadruplicate cultures, each of which has standard errors of less than 5% of the
mean. TdR, dThd.

Concentration of LCM by ammonium sulfate precipitation al
lowed application of higher dosages of LCM proteins, which
enabled demonstration of more marked stimulation of [3H]dThd

incorporation. Slight inhibition was observed with some batches
at very high treatment levels. There was additionally some puri
fication of the factor responsible for this effect in the 55%
(NH4)2S04 fraction, hereafter referred to as LCM-C. Similar stim
ulation of incorporation was also noted using KG-1 (27) or K562

(28) cells as a target, but not U937 cells (29). A similar pattern
of stimulation and (NH^SCu concentration of activity was noted
with GCT-conditioned medium (30) but not purified CSF-GM, at

concentrations up to 200 units/ml. Cell recovery and trypan blue
viability were not significantly affected by 24-h exposures to
LCM-C at 2 mg/ml, nor was morphological evidence of differen

tiation noted. Cells, however, appeared slightly larger in size as
examined in the hemocytometer.

In order to determine if the increase of [3H]dThd incorporation

reflected a true increase in proliferation, cell cycle distribution
was studied using mithramycin staining of DNA quantitated by
flow cytometry (Chart 2). Increased percentages of cells with S-

phase DNA content were noted to be induced by 4 h and were
maximal at 24 h. Effects upon G2-M cells were less marked and

were proportionately greatest at 48 h, suggesting cell cycle
progression of a stimulated cohort. Maximal effects upon cell
cycle parameters were approached at lower LCM-C concentra
tions than for [3H]dThd incorporation (Chart 1).

Because the effects upon [3H]dThd uptake were proportion

ately much greater than the changes in cell cycle distribution
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LCM-C PROTEIN ADDED mg./ml.

Chart 2. Cell cycle effects of LCM-C-treated HL-60 cells. Cells were cultured
with the indicated concentrations of LCM-C for 4 (â€¢),24 (â€¢),and 48 (A) h, and
then harvested, fixed, and stained with mithramycin; cell cycle distribution was
determined by flow cytometry. Results shown are the calculated percentages of
S-phase (A) and Gz-M (B) cells.

noted, a more detailed analysis of deoxynucleoside uptake,
metabolism, and incorporation into macromolecules was under
taken (Table 1). LCM induced marked increases of intracellular
[3H]dThd accumulation and its conversion to [3H]dTTP. Since
dTTP pools exhibited no consistent change, [3H]dTTP specific

activity markedly increased (P < 0.02, n = A). Evidence for
enhanced thymidine accumulation of LCM-C-treated cells was

also obtained using cultures supplemented with unlabeled thy
midine (Table 2). Under these conditions, incorporation of labeled
thymidine was relatively less suppressed with LCM-C, suggest

ing greater extracellular depletion of the competing unlabeled
thymidine during the preceding culture period. A slight difference
was noted between dialyzed and undialyzed serum. Similar but
much less marked effects were noted of the other deoxynucleo-

sides (Table 1). Deoxyadenosine and deoxyguanosine exhibited
significant RNA incorporation which was stimulated by LCM-C.

Further studies were performed to determine if LCM-C could
modulate the sensitivity of HL-60 cells to the halogenated pyrim-

idine analogue, 5-FU. Following 24 h of incubation with 5-FU,
HL-60 cells exhibited increased [3H]dThd incorporation, which

was interpreted as reflecting inhibition of thymidine synthetase.
Sensitivity to this effect was markedly enhanced by LCM-C
(Chart 3), although sensitivity to 1-/3-o-arabinofuranosylcytosine

or hydroxyurea under similar conditions of exposure was not
altered. Intracellular accumulation of [3H]5-FU was increased in
the presence of LCM-C (Table 3). Considerable [3H]5-FU incor

poration into RNA of the LCM-C-treated cells was moreover

detected. Analysis of thymidine uptakes and pools (Table 4)
documented more complete dTTP depletion of combination
LCM-C:5-FU-treated cells than of cells treated with 5-FU alone
(P < 0.05 in repeated experiments). Cells exposed to 5 x 10~6

M 5-FU for 24 h exhibited significant cytotoxicity only when
coincubated with LCM-C (Chart 4). Multiparameter flow cytc-
metric analysis disclosed more complete Gi-early S-phase block
of the combination-treated cells and also greater variance of

RNA content with a population of abnormally high RNA content
cells present (Chart 4).

DISCUSSION

HL-60 has been extensively utilized mainly as a model of

induced differentiation by chemical and biological agents. Leu
kocyte-conditioned medium has been reported to induce a mon-

ocytoid pattern of differentiation (5, 6), characterized by many
techniques including cytochemistry (6, 13) and cell surface
marker analysis by monoclonal antibody and lectin binding (31-

34). Although some evidence of stimulation of proliferation of
HL-60 by LCM has been previously reported (6,12), these effects

have been less widely studied. In this study, LCM was subjected
to an ammonium sulfate precipitation step which has enabled
the study of a factor stimulating [3H]dTHd incorporation by HL-

60 at higher concentrations and in slightly more pure form than
would be otherwise possible. The [3H]dThd incorporation stim

ulating effect was found to affect both HL-60, KG-1 (27), and

K562 (28) cells but not U937 cells (29). Similar effects were
producible using giant cell tumor-conditioned medium (30).

The premise that [3H]dThd incorporation stimulation of HL-60
by LCM-C is associated with increased proliferation was corrob

orated in this study by flow cytometry. Our results apparently
contrast with those of others who have not noted increased
proliferative cells induced by LCM (13, 14). The effects noted
here were small, however, particularly at the low concentrations
of LCM-C corresponding with levels attainable with crude LCM,

and shorter exposure periods were emphasized. The effects
upon stimulation of [3H]dThd incorporation were disproportion
ately great relative to the enhancement of S-phase cells actually

observed by flow cytometry or to the amount of stimulation of
proliferation which one would expect to be possible for an already
rapidly proliferating cell line. This effect was therefore studied in
greater detail. It first of all seemed possible that the apparent
stimulation reflected depletion of thymidine (either intracellular or
extracellular) of the LCM-C-treated cells. Supplementation of the
medium with 10~5Mthymidine, a nontoxic level (35), exaggerated

even further the difference between stimulated and unstimulated
cells (Table 2). This was seen to be related to increased sup
pression of labelled dThd incorporation by the untreated cells,
suggesting more rapid uptake and consequent depletion of
extracellular thymidine by LCM-C-treated cells. Fetal calf serum
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Table 1
Effects of LCM-C upon uptake, pool size, specific activity, and nucleic acid incorporation of deoxyribonucleosides

Cells were incubated for 24 h with and without LCM-C (2 mg/ml) as indicated, then pulsed for 30 min with 2 nCi of the indicated 3H-deoxynucleoside per ml. Analysis
of pools, uptakes, and specific activities was performed as described in "Materials and Methods." Results shown are representative of multiple similar experiments.

ConditionDeoxyadenosine

Control
+LCM-CDeoxycytidme

Control
+LCM-CThymidine

Control
+LCM-CDeoxyguanosine

Control
+ LCM-CTotal

soluble
3H (cpm/106

cells)247,485

260,73324,728

22,04310,314

15,244112,297

172,2203H-dNTP"

(cpm/108cells)1,087

1,3671,094

1,2082,030

6,8462,557

4,794dNTP

(pmol/106cells)6.36

7.026.32

7.7513.57

11.943.35

3.69dNTP

SA
(cpm/pmol)170.9

194.7173.1

155.9149.6

573.4763.3

1,299.2[3H]DNA

(cpm/106cells)24,138

27,68449,464

68,8609,268

38,03030,420

58,092[3H]RNA

(cpm/106cells)57,616

92,0560

3150

0232,934

333,336
8 dNTP, deoxynucteotide triphosphate(s); SA, specific activity.

Table 2
Influence of exogenous unlabeled thymidine upon pattern [3H]thymidine uptake by

HL-60 cells

Medium used included fetal calf serum which had been dialyzed against phos
phate-buffered serum as indicated. Cultures were supplemented as indicated with
unlabeled thymidine at the beginning of the 24-h culture period and pulse labeled
with [3H]thymidine at the conclusion of this culture period.

-LCM-C +LCM-C

-LCM-C:
+LCM-C

ratio
Dialyzed fetal calf 11,900.6 Â±1,052.9a 40,657.4 Â±1,898.6 3.42 Â±0.03

serum

Undialyzed fetal 10,882.5 Â±499.9 38,721.9 Â±1,776.2 3.56 Â±0.02
calf serum

Dialyzed fetal calf 1,125.0 Â±64.9 11,117.0 Â±313.3 9.88 Â±0.01
serum + 10"*M

thymidine
8 Mean â€¢SD of cpm and ratios of cpm of replicate well cultures in quadruplicate,

performed as described in "Materials and Methods."

aoo

I.50-

[5 F U J . M

Chart 3. Effects of 5-FU upon [3H]dThd (TdR) incorporation of HL-60 cells. Cells
were incubated with (â€¢)and without (O) LCM-C plus the indicated concentrations
of 5-FU for 24 h before pulsing, harvesting, and counting. Points, mean of ratios of
[3H]dThd incorporation with, compared to without, 5-FU, based upon quadruplicate

cultures; bars, SE.

Table 3
Effects of LCM-C upon [3H]5-FU intracellular accumulation and macromolecular

incorporation
Total soluble 3H DNA RNA

-LCM-C
+LCM-C

4929.0 Â±249.0a

8955.0 Â±139.0
173.5 Â±79.4
426.6 Â±76.6

210.2 Â±85.6
2719.0 + 603.6

8 Mean Â±SE of cpm/106 cells of duplicate determinations of HL-60 cells at a
starting cellular concentration of 5 x 105/ml incubated with [3H]5-FU (2 ><Ci/ml)for
24 h, with and without LCM-C (2 mg/ml). The difference in soluble 3H cpm is

significant (P < 0.05).

Table 4
Effects of LCM-C upon thymidine metabolism of 5-FU-treated cells

Experiments were performed as described in Table 1 legend, except that 5 x
10"6 M 5-FU was added at the beginning of the culture period. Results shown are

representative of three similar experiments.

Total soluble 'H8
[3H]dTTPa
dTTP6
dTTP specific activity0
[3H]DNA8
[Â»HJRNA8+5-FU8,005

4,209
6.06

694.6
88,488

0+5-FU,

+LCM-C20,956

5,622
0

Indeterminate
350,864

29,640acpm/10*cells.

" pmol/108 cells.
c cpm/pmol.

has been reported to contain micromolar concentrations of thy
midine (36). A slight difference in stimulation was noted between
cells cultured in dialyzed, compared to undialyzed, fetal calf
serum, consistent with a minimal contribution of such concentra
tions of thymidine in the medium used to the effects we noted
(36). McCoy's Medium 5A, which was used in this study, does

not contain supplemental deoxynucleosides. Other commonly
used formulations do, however, contain such supplementation
which could influence similar studies.

Direct analysis of the uptake, pool size, and macromolecular
incorporation of thymidine and the other deoxynucleosides was
also undertaken. Total intracellular dTTP was not found to be
consistently altered following LCM-C exposure. Accumulation of
[3H]dThd in the intracellular soluble pool and levels of [3H]dTTP

were increased markedly and in parallel, thus confirming the
suggestion of enhanced net uptake from the thymidine dilution
experiment (Table 1). An increase of tritium counts in DNA

CANCER RESEARCH VOL. 45 DECEMBER 1985

6304

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421089/cr04512p16301.pdf by guest on 19 M

ay 2023



CONDITIONED MEDIUM AND LEUKEMIC PROLIFERATION

Chart 4. Dual parameter flow cytometric
analysis of LCM-C and 5-FU effects. Cells were
incubated for 24 h without additions (A), with
LCM-C (2 mg/ml) (B), with 5-FU (5 X 10"* M)

(C), and with 5-FU and LCM-C in combination
(D). Cell recoveries (per ml) and trypan blue
viabilities are shown in the corner of each panel;
starting cellular concentrations were 5 x 105/

ml. Scales are in arbitrary units, proportional to
DMA and RNA content per cell. Each dot rep
resents a region with 10 or more cells per
channel. Contour lines include regions with 25,
50,100,200, and 400 or more cells per channel,
respectively. Nonviable cells and debris with
significantly lower than G, DNA content were
gated out. Results of the computer fit to the
DNA histograms are in the upper right-hand
corners. For C, the large number of S-phase
cells relative to G?-M cells resulted in compu
tationally indeterminate G2-M content.

CELLS'Ãœ9XIO'
VIABILITY =987%
6, Â«42.9%
S =40.3%

B. CELLS'I 23X10*
VIABILITY Â»976%
G|'375%
S .47.4%
GZ/M'I5I%

RNA RNA

C. COLS Â»1.16X10Â«
VIABILITY'96.6%
6,^36.9%
S-KVM'63 1%

CELLS'0.73X10Â«
VIABILITY'72.6%
6,'5S4%
S'43.7%
Gj/M'09%

RNA RNA

independent of any change of the rate of DNA synthesis would
be an expected consequence of such pool effects.

In addition to increased proliferation, [3H]dThd uptake, and

intracellular specific activity, there could be additional effects
contributing to the increased total thymidine incorporation stim
ulated by LCM-C. It is possible that relative differences in pool
specific activity are even more marked in S-phase cells or may

be affected by differences in age distribution within S (37).
Alternatively, an increase in rate of progression through S or a
decrease in cells with S-phase DNA content not actively synthe

sizing DNA (38, 39) might be induced under these conditions.
Such kinetic differences may appear unlikely in view of the
minimal increases of cell recovery induced by LCM-C. Analysis
of the HL-60 growth pattern, however, has led to the detection

of a significant spontaneous cell loss factor (40), and so it is
possible that an increased rate of proliferation was balanced by
an increased rate of cell death.

A further question of interest is the identity of the factor in
LCM-C responsible for the observed effects. The effects de

scribed occurred rapidly following exposure, at which point the
cells remained nondifferentiated. The effects were shared with
the KG-1 cell line (27), which has been reported to exhibit similar
[3H]dThd incorporation stimulation in response to CSF-contain-
ing preparations (41). An alternative source of CSF, GCT-condi-

tioned medium, produced similar effects (30). U937 (29) was
insensitive to these effects, despite its responsiveness to IFN-7
(42). Although important interactions of IFN--y with HL-60 have

been described, these are accompanied by inhibition of prolifer
ation (10). [3H]dThd incorporation stimulating activity for purified

myeloid progenitors from chronic myelogenous leukemia sam
ples has recently been identified as CSF in GCT and leucocyte-

conditioned media (43). The lack of a similar effect with purified
CSF-GM and the occurrence of a similar effect with K562 sug

gests the action of a factor operating at an earlier stage of
differentiation (44, 45). In order to settle this question, work on
further purification and characterization of the factor(s) respon
sible for this effect is proceeding in this laboratory and will be
the subject of a future publication. Other recent studies have
also disclosed effects of hemopoietic growth factors, such as
CSF, beyond the classic role of triggering quiescent stem cells
to proceed along their differentiative pathway. These include
activating effects upon mature cells as well as proliferating
marrow cells, and effects upon RNA, protein, and energy metab
olism (46-51). Support of proliferation and stimulation of [3H]-

dThd incorporation of acute myeloid leukemic cells obtained
directly from patients by sources of CSF has also been previously
noted (7, 9, 52-54). Our results extend these observations to
the widely used HL-60 model and provide further metabolic

details.
In accordance with our observations of altered deoxynucleo-

tide metabolism of HL-60 cells in response to LCM-C, the

possibility that sensitivity of such cells to antimetabolite chemo
therapy could be similarly modulated was further investigated.
Twenty-four-h exposures to low concentrations of 5-FU in
creased [3H]dThd incorporation, and sensitivity to this effect was

augmented by LCM-C. Cytotoxicity of 5-FU has been related to
two major effects: inhibition of thymidylate synthetase by 5-

fluorodeoxyuracil monophosphate and incorporation into RNA
(55). The former effect tends to predominate at lower concentra
tions and exposures of less than 24 h and was probably respon
sible for the increased uptake and incorporation of exogenous
[3H]dThd noted. Deoxynucleotide pool analysis confirmed the

nature of this effect with marked depletion of dTTP noted in the
combination-treated cells. Pool-specific activity of [3H]dTTP thus

became indeterminately high, leading to extraordinary incorpo
ration rates into DNA. Combination 5-FU:LCM-C treatment also
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resulted in enhanced proliferation arrest and cytotoxicity. The
RNA content distribution of these cells exhibited marked broad
ening, with the appearance particularly of cells having increased
content. Although 5-FU is associated with inhibition of RNA

synthesis (55), it is possible that under the conditions of these
experiments the thymidylate synthetase inhibiting effect predom
inated. This would be expected to induce a transient megalo-

blastoid state, with RNA synthesis continuing despite the halt in
DNA synthesis. A further abnormality noted of the combination-
treated cells was the appearance of 3H from labeled dThd in

RNA, an effect of 5-FU which has previously been described in
other cell types (56). The enhanced effects of 5-FU upon LCM-
C-treated cells were found to be associated with increased
intracellular accumulation of 5-FU. No such differential sensitivity
to 1-j3-D-arabinofuranosylcytosine or hydroxyurea was noted,

and it thus seems unlikely that the modest cell cycle effects of
LCM-C could be alone responsible for the difference. The aug
mented dTTP depletion of combination-treated cells provided

further evidence for a metabolic difference. Other effects upon
intracellular metabolism of 5-FU are certainly possible but were

not further investigated.
We have thus demonstrated and characterized alterations of

deoxynucleotide metabolism, of a human leukemic cell line, by a
growth factor, which are linked to, but independent of, cell cycle
changes. This shift in metabolism was shown to be exploitable
to modulate sensitivity to at least one chemotherapeutic agent.
The various strategies which have been previously used to
augment chemotherapy sensitivity have mainly focused upon cell
cycle manipulation (57, 58); this study provides evidence for
other metabolic effects which could be useful in the treatment of
leukemia. Similarly, others have recently reported modulation by
growth factors of 1-0-D-arabinofuranosylcytosine uptake (59) in

analogous hemopoietic systems. It is possible that such princi
ples could be extended to other tissue-specific growth factors

or could be applied in such a way as to differentially protect
normal marrow progenitors from chemotherapeutic drugs. [3H]-

dThd uptake measurements are widely used as an index of DNA
synthetic rates. This analysis demonstrated effects which can
influence such measurements which, along with other previously
described pitfalls (60), should be taken into account in interpret
ing future studies. Finally, the results reported here apparently
represent a previously undescribed mode of biological control of
the widely studied HL-60 model cell line, the usefulness of which

should be accordingly extended.

REFERENCES

1. Elias, L., Wood, A., Crissman, H. A., and Ratliff, R. Effects of a factor in
conditioned media upon proliferation, deoxynucleotide metabolism, and anti-
metabolite sensitivity of leukemic cells in vitro. Proc. Am. Assoc. Cancer Res.,
26:57, 1985.

2. Gallagher, R., Collins, S., Trujillo, S., McCredie, K., Aheam, M., Tsai, S.,
Metzgar, R., Aulakh, G., Ting, R., Ruscelli, F., and Gallo, R. Characterization
of the continuous, differentiating myeloid cell line (HL-60) from a patient with
acute promyelocytic leukemia. Blood, 54: 713-733,1979.

3. Huberman, E., and Callahan, M. F. Induction of terminal differentiation in
human promyelocytic leukemia cells by tumor-promoting agents. Proc. Nati.
Acad. Sci. USA, 76: 1293-1297,1979.

4. Rovera, G., Santoli, D., and Damsky, C. Human promyelocytic leukemia cells
in culture differentiate into macrophage-like cells when treated with a phorbol
diester. Proc. Nati. Acad. Sci. USA, 76: 2779-2783,1979.

5. Lotem, H., and Sachs, L. Regulation of normal differentiation in mouse and
human myeloid leukemic cells by phorbol esters and the mechanism of tumor
promotion. Proc. Nati. Acad. Sci. USA, 76: 5158-5162,1979.

6. Elias, L., Wogenrich, F., Wallace, J., and Longmire, J. Altered pattern of

proliferation and differentiation of HL-60 human promyelocytic leukemia cells
in the presence of leucocyte conditioned medium. Leukemia Res., 4: 301-
307,1980.

7. Aye, M. T., Niho, Y., Till, J. E., and McCulloch, E. A. Studies of leukemic cell
populations in culture. Blood, 44: 205-219,1974.

8. Ruscetti, F. W., and Chervenick, P. A. Release of colony-stimulating activity
from thymus-derived lymphocytes. J. Clin. Invest., 55: 520-527,1975.

9. Lau, L., McCulloch, E. A., Till, J. E., and Price, G. B. The production of
hemopoietic growth factors by PHA-stimulated leukocytes. Exp. Hematol., 6:
114-121,1978.

10. Perussia, B., Dayton, E. T., Fanning, V., Thiagarajan, P., Hoxie, J., and
Trinchieri, G. Immune Interferon and leucocyte-conditioned medium induce
normal and leukemic myeloid cells to differentiate along the monocytic path
way. J. Exp. Med., Ã•58:2058-2080,1983.

11. Kelley, V. E., Fiers, W., and Strom, T. B. Cloned human interferon-i, but not
Interferon -ff or -a, induces expression of HLA-DR determinants by fetal
monocytes and myeloid leukemic cell lines. J. Immunol., 132:240-245,1984.

12. Ruscetti, F. W., Collins, S. J., Woods, A. M., and Gallo, R. C. Clonal analysis
of the response of human myeloid leukemic cell lines to colony-stimulating
activity. Blood, 58: 285-292,1981.

13. Chiao, J. W., Freitag, W. F., Steinmetz, J. C., and Andreef, M. Changes of
cellular markers during differentiation of HL-60 promyelocytes to macrophages
as induced by T lymphocyte conditioned medium. Leukemia Res., 5: 477-
489,1981.

14. Yen, A., and Chiao, J. W. Control of cell differentiation during proliferation. I.
Monocytic differentiation of HL-60 promyelocytes. Exp. Cell Res., 746:87-93,
1983.

15. Walters, R. A., Guriey, L. R., Tobey, R. A., Enger, M. D., and Ratliff, R. L.
Effects of X-irradiation on DNA precursor metabolism and deoxyribonucleoside
triphosphate pools in Chinese hamster cells. RadiÃ¢t.Res., 60:173-201,1974.

16. Zimmerman, B. K. Purification and properties of deoxyribonucleic acid poly-
merase from Micrococcus lysodeikticus. J. Biol. Chem., 24T: 2035-2041,
1966.

17. Schachman, H. K., Adler, J., Radding, C. M., Lehman, I. R., and Kornberg, A.
Enzymatic synthesis of deoxyribonucleic acid. VII. Synthesis of a polymer of
deoxyadenylate and deoxythymidylate. J. Biol. Chem., 235:3242-3249,1969.

18. Grant, R. C., Kodoma, M., and Wells, R. D. Enzymatic and physical studies
on (dl-dC)â€ž.(dl-dC)â€žand (dG-dC)â€ž.(dC-dGVBiochemistry, 77: 805-814,1972.

19. Grant, R. C., Harwood, S. J., and Wells, R. D. The synthesis and characteri
zation of poly d(l-C)-poly d(l-C). J. Am. Chem. Soc., 90: 4474-4476,1968.

20. Vindberg, V., and Skoog, L. A method for the determination for dATP and
dTTP in picomole amounts. Anal. Biochem., 34: 152-160,1970.

21. Skoog, L. An enzymatic method for the determination of dCTP and dGTP in
picomole amounts. Eur. J. Biochem., 77: 202-208,1970.

22. Crissman, H. A., and Tobey, R. A. Cell-cycle analysis in 20 minutes. Science
(Wash. DC), 784:1297-1298,1974.

23. Crissman, H. A., Darzynkiewicz, Z., Tobey, R. A., and Steinkamp, J. A.
Correlated measurements of DNA, RNA, and protein content in individual cells
by flow cytometry. Science (Wash. DC), 228:1321-1324,1985.

24. Shapiro, H. M. Flow cytometric estimation of DNA and RNA content in intact
cells stained with Hoechst 33342 and pyronin Y. Cytometry, 2: 143-150,
1981.

25. Steinkamp, J. A., Stewart, C. C., and Crissman, H. A. Three-color fluorescence
measurements on single cells excited at three laser wavelengths. Cytometry,
2:226-231,1982.

26. Dean, P. N., and Jett, J. H. Mathematical analysis of DNA distributions derived
from flow microcytometry. J. Cell Biol., 60: 523-527, 1974.

27. Koeffler, H. P., and Golde, D. W. Acute myetogenous leukemia: a human cell
line responsive to colony stimulating activity. Science (Wash. DC), 200:1153-
1154,1978.

28. Lozzio, B. B., and Lozzio, C. B. Properties and usefulness of the original K-
562 human myelogenous leukemia cell line. Leukemia Res., 3:363-370,1979.

29. SundstrÃ¶m, C., and Nilsson, K. Establishment and characterization of a human
histiocytic cell line (U937). Int. J. Cancer, 77: 565-577,1976.

30. Di Persio, J. F., Brennan, J. K., Lichtman, M. A., Abboud, C. N., and Kirkpatrick,
F. H. The fractionation, characterization, and subcellular localization of colony-
stimulating activities released by the human monocyte-like cell line, GCT.
Blood, 56:717-727, 1980.

31. Todd, R. F., Ill, Griffin, J. D., Ritz, J., Nadler, L. M., Abrams, T., and Schloss-
man, S. Expression of normal monocyte-macrophage differentiation antigens
on HL-60 promyelocytes undergoing differentiation induced by leucocyte-
conditioned medium or phorbol diester. Leukemia Res., 5: 491-495,1981.

32. FerrerÃ², D., Pessano, S., Pagliardi, G. L., and Rovera, G. Induction of differ
entiation of human myeloid leukemias: surface changes probed with monoclo
nal antibodies. Blood, 67: 171-179,1983.

33. Graziano, R. F., Babl, E. D., and Farger, M. W. The expression and modulation
of human myeloid-specific antigens during differentiation of the HL-60 cell line.
Blood, 67:1215-1221,1983.

34. Elias, L., and Van Epps, D. E. Analysis of myelomonocytic leukemic differen
tiation by a cell surface marker panel including a fucose binding lectin from
Lotus tetragonolubus. Blood, 63:1285-1290,1984.

35. Akman, S. A., Ross, D. D., Rosen, H., Salinger, C., Andrews, P. A., Chou, F.

CANCER RESEARCH VOL. 45 DECEMBER 1985

6306

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421089/cr04512p16301.pdf by guest on 19 M

ay 2023



CONDITIONED MEDIUM AND LEUKEMIC PROLIFERATION

E., and Bachur, N. R. Growth inhibition by thymidine of leukemic HL-60 and
normal human myeloid progenitor cells. Cancer Res., 41: 2141-2146,1981.

36. Schaer,J-C., Maurer, U.,and Schindler,R. Determinationof thymidinein serum
used for cell culture media. Exp. Cell Biol., 46:1-10,1978.

37. Moller, U., Keiding, N., and Engel, F. Subclassificationof cells in S-phase in a
partially synchronized cell system. Cell Tissue Kinet, 75:157-168,1982.

38. Hamilton, E., and Dobbin, J. [3H]Thymidinelabels less than half of the DNA-
synthesizing cells in the mouse tumour, carcinoma NT. Cell Tissue Kinet., 75:
405-411,1982.

39. Allison, D. C., Yuhas, J. M., Ridolpha, P. F., Anderson, S. C., and Johnson, T.
S. Cytophotometric measurementof the cellularDMAcontent of [3H]thymidine
labelledspheroids: demonstration that some non-labelledcells have S and G2
DNA content. Cell Tissue Kinet., 76: 237-246,1983.

40. Foa, P., Maiglo, A. T., Lombardi, L., Toivoner, H., RytÃ¶maa,T., and Polli, E.
E. Growth pattern of the human promyelocytic leukemia cell line HL-60. Cell
Tissue Kinet., 75: 397-404, 1982.

41. Lusis, A. J., and Koeffler, H. P. Action of granutocyte-macrophagecolony-
stimulating factors: studies using a human leukemiacell line. Proc. Nati. Acad.
Sci. USA, 77: 5346-5350,1980.

42. Ralph, P., Harris, P. E., Punjabi, D. J., Weite, K., Litcofsky, P. B., Ho, M-H.,
Rubin, B. Y., Moore, M. A. S., and Springer, T. A. Lymphokine inducing
"terminal differentiation" of the human monobtast leukemia line U937: a role
for Interferon. Blood, 62:1169-1175,1983.

43. Griffin, T. D., Sullivan,R., Beveridge, R. P., Larson, P., and Schlossman,S. F.
Induction of proliferation of purified human myeloid progenitor cells: a rapid
assay for granulocyte colony-stimulating factors. Blood, 63:904-911,1984.

44. Stanley, E. R., and Jubinsky, P. T. Factors affecting the growth and differen
tiation of haemopoieticcells in culture. Clin. Haematol., 13: 329-348,1984.

45. Westbrook, L. A., Gasson, J. C., Gerber, S. E., Selsted, M. E., and Golde, D.
W. Purificationand characterization of human T-lymphocyte-derivederythroid
potentiating activity. J. Biol. Chem., 259: 9992-9996,1984.

46. Burgess,A. W., and Metcalf, D. Colonystimulatingfactor and thedifferentiation
of granulocytes and macrophages. In: S. J. Baum and G. D. Ledney (eds.).
Experimental Hematology Today, pp. 135-146. New York: Springer-Verlag,
1977.

47. Wing, E. J., Waheed, A., Shadduck, R. K., Nagle, L. S., and Stephenson, K.

Effect of colony stimulating factor on murine macrophages. Induction of
antitumor activity. J. Clin. Invest., 69:270-276,1982.

48. Tushinski, R. J., and Stanley. E. R. The regulation of macrophage protein
turnover by a colony stimulating factor (CSF-1).J. Cell Physiol., 776: 67-75,
1983.

49. Lopez, A. F., Nicola, N. A., Burgess, A. W., Metcalf, D., Battye, F. L, Sewell,
W. A., and Vadas, M. Activation of granulocyte cytotoxic function by purified
mouse colony-stimulatingfactors. J. Immunol., 737: 2983-2989,1983.

50. Whetton, A. D., and Dexter, T. M. Effect of haematopoietic cell growth factor
on intracellularATP levels. Nature (Lond.),303: 629-631,1983.

51. Whetton, A. D., Baxill, G. W., and Dexter, T. M. Haemopoietic cell growth
factor mediates cell survival via its action on glucose transport. EMBO J., 3:
409-413,1984.

52. Greenberg, P. L., Nichols, W. C., and Schrier, S. L. Granulopoiesis in acute
myeloid leukemiaand preleukemia.N. Engl. J. Med., 284: 1225-1232,1971.

53. Moore, M. A. S., Williams, N., and Metcalf, D. In vitro colony formation by
normaland leukemichumanhematopoieticcells: characterizationof the colony-
forming cells. J. Nati. Cancer Inst., 50: 603-623,1973.

54. Elias, L., and Greenberg, P. Divergent patterns of marrow cell suspension
culture growth in the myeloid teukemias: correlation of in vitro finding with
clinical features. Blood, 50: 263-274,1977.

55. Chabner, B. A. PyrimidineAntagonists in PharmacologiePrinciplesof Cancer
Treatment, pp. 183-212. Philadelphia:W. B. SaundersCo., 1982.

56. Hopkins, H. A., and Wakefield, J. A. Utilization of 3H from deoxyuridine and
thymidine for synthesis of DNA and other macromolecules in various organs
of the rat. Biochem. Pharmacol.,26: 59-61, 1977.

57. Burke, P. J., Karp, J. E., Braine, H. G., and Vaughan,W. P. Timed sequential
therapy of human leukemia based upon the response of leukemic cells to
humoral growth factors. Cancer Res., 37: 2138-2145,1977.

58. Ariin, Z. A., Fried, J., and Clarkson, B. D. Therapeutic role of cell kinetics in
acute leukemia.Clin. Hematol., 7: 339-362,1978.

59. Karp, J. E., Donehower, R. C., Burke, P. J., and Colvin, G. M. Intracellular
ARA-C metabolism and growth kinetics of normal human marrow cells. In:
Proceedingsof the Eighth Annual Meeting of the Cell Kinetics Society, 1984.

60. Maurer, H. R. Potential pitfalls of [3H]thymidinetechniques to measure cell
proliferation.Cell Tissue Kinet., 14:111-120,1981.

CANCER RESEARCH VOL 45 DECEMBER 1985

6307

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421089/cr04512p16301.pdf by guest on 19 M

ay 2023




