
ABBREVIATIONS: RA, retinoic acid; DMSO, dimethyl sulfoxide; TPA, 12-O-tetradecanoyl-phorbol-13-acetate; NBT, nitroblue tetrazolium; H-7, 1 -(5-
isoquinolinesulfonyl)-2-methylpiperazine dihydrochloride; W-7, N-(6-aminohexyl)-5-chloronaphthalenesulfonamide hydrochloride; 1 ,25(OH)2D3, 1,25-
dihydroxyvitamin D3; IFN--y, immune interferon; Hepes, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid; poly(A), polyadenylic acid; SDS; sodium
dodecyl sulfate; EDTA, ethylenediaminetetraacetate; EGTA; ethylene glycol bis((1-aminoethyl ether)-N,N,N’ ,N’-tetraacetic acid; DTT, dithiothreitol.
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SUMMARY
The effect of the combination of retinoic acid (RA) and calcium
ionophore A231 87 on cellular differentiation was assessed in
promyelocytic leukemia cell line HL-60. RA (1 O_b0_2.5 x 1 0_8 M)
or A231 87 (4 x 1 0-� M) alone produced 1 5-22% differentiated
cells as assessed by nitroblue tetrazolium reduction. Exposure
of cells for 48 hr to the combination of 4 x 1 0� M A231 87 and
1 0b0_2.5 x 1 0-8 M RA resulted in 20-86% of the cells capable
of reducing nitroblue tetrazolium, but with no measurable level
of nonspecific esterase activity. The combination of A231 87 and
either dimethyl sulfoxide, 1 ,25-dihydroxyvitamin D3, or immune
interferon failed to produce a synergistic effect on differentiation.
Addition of either the calmodulin antagonists, N-(6-aminohexyl)-
5-chloronaphthalenesulfonamide and trifluoperazine, or the pro-
tein kinase C inhibitor, 1 -(5-isoquinolinesulfonyl)-2-methylpipera-
zine, during treatment with A231 87 and RA did not block differ-

entiation. Membrane tyrosine kinase activity was measured in
cells treated with A231 87 and RA in a nondenaturing gel system
using the exogenous substrate poly(GIu:Tyr). Membrane-bound
tyrosine kinase activity was not present in untreated or RA-
treated cells but was induced by A231 87 treatment alone and
was markedly increased in cells 48 hr after treatment with the
combination of A231 87 and RA. Significantly greater reduction
in c-myc mRNA levels was also observed 24 hr after treatment
with RA and A23187 in comparison to that observed with either
agent alone. These results suggest that a Ca2�-mediated process
sensitizes cells to the differentiating effect of RA and that this
effect is associated with a significant reduction of c-myc expres-
sion and the induction of membrane tyrosine kinase activity in
this cell line.

Promyelocytic leukemia cell line HL-60 can undergo mor-

phologic changes in response to various differentiating agents

which results in a phenotype with the characteristics of mon-

ocytes/macrophages or myelocytes/neutrophils (1). Although
the events initiating such a process are not known, an early

manifestation of differentiation is the reduction in the expres-

sion of the amplified protooncogene, c-myc (2, 3) when HL-60

cells are induced to differentiate along the myelocytic pathway

by RA or DMSO (4) or along the monocytic pathway by either

1,25(OH)2D:t (5) or TPA (6). Also associated with the differ-
entiation process is the early induction of c-los expression by

TPA (7) and of c-fms expression by TPA or 1,25(OH)2D3 (8).

The induction of the latter protooncogene by TPA in the

monocytic cell line ML-1 resulted in the appearance of the

c-fms gene product p140 and its associated tyrosine kinase

activity (9). Enhanced tyrosine kinase activity was also ob-

served in the monocytic cell line U937 following treatment with

TPA (10).

Recently, it has been theorized that the transduction of
extracellular signals into intracellular events proceeds via two
major pathways (11). One pathway is mediated by a rise in the

diacylglycerol content of the plasma membrane leading to

activation of protein kinase C (phospholipid- and Ca2�-depend-

ent protein kinase). The second pathway is mediated by a rise
in the concentration of cytosolic calcium thereby leading to

modulation of calmodulin-dependent reactions. In several stim-

ulus-secretion coupling processes in various cell types, these

two pathways seem to function synergistically. Activators of

protein kinase C such as diacylglycerol and TPA (12, 13) and
the calcium ionophore A23187 can function synergistically to

elicit a physiological response in a variety of cell systems

including release of serotonin from platelets (14), insulin from
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pancreatic islets (15), and superoxide production in neutrophils

(16, 17).

In the present study, we report the synergistic effect of RA

and A23187 on the induction of differentiation in HL-60 cells.

This process was further characterized by the level of expres-

sion of c-myc RNA, as well as the appearance of membrane-

bound tyrosine kinase activity found recently to be associated

with differentiation in this cell line (18).

Experimental Procedures

Materials. [‘y-32P]ATP (2900 Ci/mmol) was purchased from New

England Nuclear Corp. (Boston, MA). Phenylmethylsulfonyl fluoride,
NBT, a-napthyl butyrate, RA, poly(Glu:Tyr) (4:1), W-7, and trifluo-
perazine were purchased from Sigma Chemical Co. (St. Louis, MO).

1,25(OH)2D3 was a gift from Dr. Milan R. Uskokovic, Hoffman La
Roche Inc. (Nutley, NJ), H-7 was generously provided by Dr. Hiroyoshi
Hidaka, Mie University School of Medicine (Tsu, Japan). IFN-�y (106

units/mg) was purchased from Cellular Products (Buffalo, NY). Nick-

translated c-myc DNA probe (3 x i08 dpm/�zg), a Cla-EcoRl subclone
of human c-myc third exon, was obtained from Oncor, Inc. (Gaithers-
burg, MD). The f3-tubulin c-DNA probe (pT-2) was a generous gift

from Dr. Don W. Cleveland, The Johns Hopkins University School of

Medicine (Baltimore, MD). The probe was labeled (5.8 x iO� dpm/�sg)

by nick translation by Lofstrand Laboratories (Gaithersburg, MD).
Cell culture. HL-60 cells were obtained from the American Type

Culture Collection (Rockville, MD). Cells were grown in RPM! 1640
medium supplemented with 10% heat-inactivated fetal calf serum, 40

mM Hepes (pH 7.4), and gentamicin, 50 �zg/ml, at 3T under an air

atmosphere containing 5% CO2. Cell inocula were 5 x 106 cells/lO ml

of medium in 25-cm2 plastic flasks, 1.5 x iO� cells/30 ml of medium in

75-cm2 flasks, or 5 x iO� cells/100 ml of medium in 175-cm2 flasks. Cell

number was determined with a model ZM Coulter counter and viability
was determined by the ability of cells to exclude trypan blue.

Histochemical assays. Nonspecific esterase activity was measured
in Cytospin preparations by the method of Ansley and Ornstein (19)

using a-naphthyl butyrate as substrate. The ability of cells to reduce

NBT to formazan was assessed by the method described by Breitman
et al. (20).

Measurement of c-myc and $-tubulin mRNA. Total cellular
RNA was extracted in 6 M urea:3 M LiCl (21). Poly(A)-enriched RNA
was fractionated by passage through an oligo(dT)-cellulose column.

Non-poly(A)RNA was eluted in 10 mM Tris-HC1(pH 7.6):0.5% SDS:0.5

M NaCI buffer, and poly(A)RNA was then eluted with 10 mM Tris-

HC1 (pH 7.6):0.5% SDS buffer (21). RNA was precipitated with 2

volumes of ethanol at -20� and quantitated by UV absorbance. Eight

�zg of poly(A)RNA were denatured with 7.4% (v/v) formaldehyde and

50% (v/v) formamide and separated electrophoretically in 1% agarose

gels containing 6.6% formaldehyde:40 mM Hepes (pH 7):10 mM sodium

acetate:2 mM EDTA, and the latter buffer without formaldehyde was

used as the running buffer. Gels were run at 25 V overnight at room
temperature. Transcript size was estimated by a comparison with rRNA
markers which were detected by ethidium bromide staining. The RNA
in the gel was transferred electrophoretically to Zeta Probe membrane

(Bio-Rad, Richmond, CA) for 1 hr at 0.3 amp and then 2 hr at 1 amp

at 4� in a buffer containing 25 mM Na2HPO4 (pH 6.5). RNA blots were
baked for 2 hr at 80’ under vacuum and prehybridized for 2 hr at 37’

in 50% formamide:0.1% SDS:0.001% diethylpyrocarbonate:5x SSC (1
x = 0.15 M NaC1:0.015 M sodium citrate):50 mM Na2HPO4 (pH 6.5):200

�sg/ml of yeast RNA:200 zg/ml of sonicated denatured salmon sperm

DNA:0.1% Ficoll:0.1% bovine serum albumin:0.1% polyvinylpyrroli-

done. Hybridization was carried out for 16-18 hr at 37’ in the prehy-
bridization solution containing 10% dextran sulfate and approximately

2 x 106 dpm/ml of c-myc or (1-tubulin [32P]DNA probe. After hybridi-
zation, blots were washed three times with lx SSC:0.1% SDS for 10

mm at room temperature and three times with 0.1x SSC:0.1% SDS for

10 mm at 50’. Blots were dried and autoradiographed using Kodak X-

Omat XAR-5 film. The mRNA levels were quantitated by densitometry

of the autoradiographs (Hoefer Scientific GS 300 scanning densitom-

eter).
Preparation of cell-free extracts. Cells were washed twice with

Hanks’ balanced salts solution deficient in CaSF and Mg�� and contain-

ing 20 mM EDTA and twice with this buffer lacking EDTA. The cell

pellet was suspended in 50-100 � of buffer containing 50 m�i Tris-
HC1 (pH 7.5):1 mM phenylmethylsulfonyl fluoride:2 mM EGTA:i0 mM

DTT:5 �sg/ml of aprotinin:0.1% Triton X-100, sonicated for 5 sec at
4’, and centrifuged for 6 mm at 15,000x g at 4’ in an Eppendorf

microcentrifuge. The pellet was then extracted in the same manner

with buffer containing 1% Triton X-100. Protein concentrations in the
0.1 and 1% Triton X-100 extracts were determined by the method of

Bradford (22) with bovine serum albumin as a standard.

Tyrosine kinase assay. One-tenth and 1% Triton X-100 extracts

containing 25 zg of protein were dissolved in sample buffer containing
63 mM Tris-HC1 (pH 6.8):5 mM DTT:10% glycerol:0.001% bromo-
phenol blue and separated electrophoretically at 4’ in 13.5 x 14 cm

gels of 0.75 mm thickness [4.5% acrylamide:0.24% bisacrylamide gel
and containing 0.375 M Tris-HCI (pH 8.8):10% glycerol] using 25 mM

Tris-HC1 (pH 8.3):0.192 M glycine as the running buffer. Electropho-
resis was carried out at 60 V for 1 hr and then 200 V for 4 hr. After

electrophoresis, the gel was soaked twice with cold 20 mr�i Hepes (pH
7.4) for 15 mm and soaked in 20 mM Hepes containing 5 mg/ml

poly(Glu:Tyr) (4:1) (6 ml/gel) at room temperature for 30 mm. Gels

were then incubated at 37’ for 30 mm with [-y-32P]ATP (33 MCi/ml):20

mM Hepes (pH 7.4):1 mM CTP:10 mM MgCl2:0.2 M EGTA:i mM
DTT:50 .sM ATP:3 mM MnC12:5 mg/mi poly(Glu:Tyr) (4:1) (6ml/gel).

After incubation, gels were rinsed once with water and then washed at

room temperature on a shaker with 5% trichloroacetic acid:0.01 M

sodium pyrophosphate until less than 500 counts were detected in the
washes (usually five 30-mm washes). Gels were dried and autoradi-

ographed using Kodak X-Omat XK-1 film.

Results

Induction of differentiation of HL-60 cells by RA and
A23187. The differentiation of HL-60 cells was assessed by

measuring their capacity to reduce NBT, as well as their

nonspecific esterase activity. Fig. 1 illustrates the morphology

ofthe cells treated with RA and A23187 after the NBT reaction.

Treatment of cells for 48 hr with either 101�_2.5 x iO� M RA

or 4 X i0� M A23187 produced 17% and 22% NBT-positive

cells, respectively. The combination of 4 x i0� M A23187 with

10’#{176}-2.5 x 10-8 M RA produced a dose-dependent increase in
NBT-positive cells (Fig. 2) with no discernable elevation in

nonspecific esterase activity (results not shown). The extent of

differentiation was dose-dependent for A23187 to a concentra-

tion of 4 x iO-� M (Fig. 3), and was maximal after a 48-hr

exposure interval (Fig. 4). A23187 (i0� M) alone or in combi-

nation with RA reduced cell viability by 50%, whereas lower

concentrations were not cytotoxic. The synergistic effect ex-

hibited by the combination of A23187 and RA did not occur

with other differentiating agents such as IFN--y, DMSO, or

1,25(OH)2D3 (results not shown).

The effect of antagonists of protein kinase C and cal-

modulin. In order to discern whether protein kinase C- or
calmodulin-dependent processes were directly involved in the

induction of differentiation by A23187 and RA, cells were

treated simultaneously with either the protein kinase C inhib-

itor, H-7, or the calmodulin antagonists, W-7 and trifluopera-

zine, at maximally permissive concentrations as determined by

dose-response cytotoxicity assays (Table 1). Neither H-7 (10�

M), W-7 (2 x i0� M), nor trifluoperazine (10� M) blocked

differentiation induced after exposure to RA and A23187. Tn-
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Fig. 1. Morphology of HL-60 cells treated
� with A231 87 and RA after NBT reduction.

s�, Cytospin slide preparations of cells fol-
lowing the NBT reaction were stained
with Wnght-Giemsa. A, Uninduced cells;
B, cells treated for 48 hr with 4 x iO� M

A231 87; C, cells treated for 48 hr with
2.5 x 10_8 M RA; and D, cells treated for
48 hr with the combination of 2.5 x 10�
M RA and 4 x 10-� M A231 87.

fluoperazine alone resulted in a small increase in NBT-positive

cells, whereas W-7 and H-7 were without effect on differentia-

tion.

c-myc mRNA levels. HL-60 cells are known to possess the

amplified cellular oncogene c-myc (2, 3). To assess whether the

expression of c-myc was altered after treatment for 24 hr with

RA and A23187, Northern blot analysis of poly(A)RNA was

carried out (Fig. 5). In order to compare the selective changes

in c-myc mRNA content, the RNA blot was hybridized with a

:i2plabeled c-myc DNA probe and autoradiographed, followed

by removal of the c-myc signal and rehybnidization with a /3-

tubulin DNA probe (Fig. 5). After normalizing the changes in

c-myc mRNA expression relative to the changes in /3-tubulin

mRNA, it was found that c-myc mRNA was preferentially

reduced by either 2.5 x 10_8 M RA or 4 x i0� M A23187;

however, a greater than additive reduction in c-myc mRNA was

observed after treatment with the combination of RA and

A23187 (Fig. 5). The reduction in c-myc mRNA after RA and/

or A23187 treatment correlated with their respective effects on

differentiation and preceded the appearance of NBT-positive

cells (Fig. 4).

Tyrosine kinase activity. We have observed recently the

appearance of membrane-bound tyrosine kinase activity in

association with the mature monocyte phenotype in HL-60

cells produced by immune interferon and tumor necrosis factor

(18). Thus, tyrosine kinase activity was measured in 1% Triton

X-100-solubilized extracts of cells by a nondenaturing electro-

phoretic gel assay using the synthetic substrate, poly(Glu:Tyr)
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Fig. 2. Differentiation of HL-60 cells following treatment with A231 87
and varying concentrations of RA. Cells were exposed for 48 hr to 4 x
iO� M A231 87 and the indicated concentrations of RA, and NBT-positive
cells were determined as described in Experimental Procedures. Each
value is the mean of three to four experiments where the standard error
did not exceed 5%.

100

80

60

40

42 3

DURATION OF EXPOSURE (Days)

Fig. 4. Time course of the induction of differentiation by RA and A231 87.
Cells were exposed to 2.5 x 10� M RA and 4 x 10� M A231 87, and
NBT-positive cells were determined at the indicated time period as
described in Experimental Procedures. Each value is the mean of three
to four experiments where the standard error did not exceed 5%.

TABLE 1

20

Effect of tnfluoperazine, W-7, or H-7 on proliferation and
differentiation in retinoic acid- and A23187-treated cells
cells were cultured with RA and A231 87 in the presence and absence of either W-
7, H-7, or tnfluoperazine for 48 hr, and cell number, cell viability, and NBT-positive

cells were determined as described under Experimental Procedures.

Of

(% ofcontro� excluding trypan cells

blue)

Control 100 100 8
A23187,4x107M 75 92 30
RA, 2.5 x 10_a M 101 94 14
Trifluoperazine, 1 x iO� M 76 95 24
W-7, 2 x iO-� M 104 86 10
H-7, 1 x iO-� M 66 97 11
RA+A23187 67 87 84
RA + A231 87 + Trifluoperazine 67 67 90
RA + A231 87 + W-7 68 74 72
RA+A23187+H-7 65 75 91

0 � � 2x1074x10 � 106

A23187 CONCENTRATION (M)

Fig. 3. Differentiation of HL-60 cells after treatment with RA and varying
concentrations of A23187. Cells were exposed for 48 hr to 2.5 x 1O�
M RA and the indicated concentrations of A23187, and NBT-positive
cells were determined as described in Experimental Procedures. Each
value is the mean of three experiments where the standard error did not
exceed 5%.

(Fig. 6, lanes 5-8). A marked elevation in membrane-bound

tyrosine kinase activity was observed after 48 hr of exposure to

a combination of 2.5 x iO� M RA and 4 x i0� M A23187. RA

at 2.5 x i0-� M did not increase tyrosine kinase activity, but 4

x iO-� M A23187 resulted in a moderate induction of activity.

In order to assess the contribution of autophosphorylation to

the tyrosine kinase activity detected in the gel, assays were

conducted in the absence of poly(Glu:Tyr) (Fig. 6, lanes 1-4).

Minimal autophosphorylation was observed in the extracts

from A23187- and RA-treated cells, indicating that the assay

detected mainly tyrosine phosphorylation.

Discussion

Several studies have explored the synergism between calcium

ionophore A23187 and activators of protein kinase C such as

TPA. This combination of agents increases synergistically am-
ylase secretion by pancreatic acini (23), activation of glycogen

phosphorylase in hepatocytes (24), and activation of the respi-

ratory burst in neutrophils (16, 17, 25). Similar investigations

with RA and A23187 have not been reported, but RA is known

to potentiate the differentiation-inducing ability of interferon-

a and -/3 (26), as well as cholera toxin, prostaglandin E2,

dibutyryl cAMP, and a T lymphocyte differentiation-inducing
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Fig. 5. c-myc RNA expression in HL-60 cells following 24 hr treatment
with A231 87 and RA. Eight Mg of poly(A)RNA were size fractionated by
agarose gel electrophoresis and transferred by Northern blotting as
described in Experimental Procedures. A, Autoradiograph of the blot
hybridized with [�PJc-myc DNA; B, autoradiograph of the same blot after
dehybridization of the c-myc DNA and rehybridization to a [32P]/3-tubulin
DNA probe. Lane 1, control; lane 2, A231 87 (4 x 10� M)-treated cells;
lane 3, RA (2.5 x 10_8 M)-treated cells; lane 4, A23187 + RA-treated
cells. Absorbance was measured by densitometric scanning of the
autoradiograph as described under Experimental Procedures.

factor (27, 28). In the present investigation, we have docu-

mented the synergistic induction of differentiation after treat-

ment of HL-fi0 cells with combinations of suboptimal concen-

trations of RA and A23187. This induction was dose dependent

for RA and specific for RA-treated cells since DMSO, IFN-’y,

or 1,25(OH)2D:t failed to elicit a synergistic response in combi-

nation with A23187. In order to explore whether protein kinase

C- or calmodulin-dependent reactions were involved in the

induction of differentiation by RA and A23187, H-7, an inhib-

itor of protein kinase C (29), and the calmodulin antagonists,

W-7 (30) and trifluoperazine (31) were used. None of these

agents at minimally toxic concentrations could block the in-

duction of differentiation by RA and A23187, indicating that

activation of protein kinase C or stimulation of calmodulin-

dependent pathways was not directly involved in the process

of differentiation. Our results are consistent with a recent

report by Matsui et al. (32), wherein the calmodulin antagonists

W-7 and trifluoperazine failed to block the differentiation of

HL-60 cells treated with either RA, 1,25(OH)2D3, or TPA.

The c-myc protooncogene is greatly amplified in HL-60 cells

(2, 3) and a marked reduction in c-myc expression was observed

after the induction of differentiation by DMSO, 1,25(OH)2D3,

IFN-’y, or TPA (4-6). Kelly et at. (33) have shown a substantial

cell cycle-specific induction of c-myc RNA in response to mi-

togens and growth factors, and a significant reduction in c-myc

mRNA levels was evident in human lymphoma (Daudi) cells

treated with IFN-/3 in response to the growth inhibitory prop-

erties of this lymphokine (34). In a report by Beimling et al.

(35), the translation product of c-myc, a protein of 64 kDa, was

found to be associated with the nuclear matrix in human colon

carcinoma cells. These investigations suggest that c-myc may

regulate the ability of cells to traverse the cell cycle and enter

the G1 phase and may be closely associated with the initial

If I

+

PoIy(GIu;Tyr) (4: 1)
Fig. 6. Tyrosine kinase activity in extracts from HL-60 cells. Tyrosine
kinase in 1% Triton extracts was measured using a nondenaturing gel
assay system without (A) and with (B) poly(Glu:Tyr) as substrate as
described in Experimental Procedures. Tyrosine kinase activity in un-
treated cells (lanes 1 and 5), and cells treated for 48 hr with either 4 x
10-� M A231 87 (lanes 2 and 6), 2.5 x 1 � M RA (lanes 3 and 7), or RA
and A23187 (lanes 4 and 8).

events leading to cellular differentiation or proliferation. The

early reduction in c-myc expression preceding the varying ex-

tents of morphologic differentiation produced by treatment of

HL-60 cells with either RA, A23187, or the combination of the

two agents agrees with this concept and suggests that c-myc

expression is closely coupled to differentiation in this cell

system.

Several lines of evidence implicate tyrosine kinases in the

regulation of proliferation of normal and malignant cells. Re-

ceptors for growth factors such as epidermal growth factor and

platelet-derived growth factor possess tyrosine kinase activity

(36-38). Recent studies (39, 40) have indicated that, although

total tyrosine kinase activity in leukemic and lymphocytic cells

appears to be unchanged, differences in individual tyrosine

kinase activities or the substrates phosphorylated by these

kinases may be associated with the regulation of growth, as

illustrated by the inhibition of topoisomearse I activity after

its phosphorylation by a tyrosine kinase from liver or ppGOsrc

(41). The present observation, that a membrane-bound tyrosine

kinase activity is associated with the appearance of the differ-

entiated phenotype, suggests that it may either play a role in

the differentiation process or mediate membrane-dependent

processes associated with the mature cell type.
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In summary, the present study has shown that the calcium

ionophore, A23187, and RA act synergistically on HL-60 cells

to enhance their differentiative response, and that this effect

is exemplified by an early reduction in c-myc expression and

the appearance of a differentiation-associated tyrosine kinase

activity. Further studies to characterize the latter activity and

its regulation during differentiation are in progress.
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