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ABSTRACT

Human promyelocytic leukemia cells (HL-60) were induced to
differentiate into macrophage-like cells in a dose (3x1 (T10 to
10~7 M) and time (1 to 6 days)-dependent manner by 1,25-

dihydroxyvitamin D3 and the tumor promoter, phorbol-12-myris-
tate-13-acetate. Differentiation was determined by an increase

in the percentage of morphologically mature cells, in lysozyme
and nonspecific esterase activities, and in reactivity with the
murine OKM1 monoclonal antibody. Two HL-60 cell variants,
designated as R-80 and B-ll, were also examined. R-80 cells,
which are resistant to induction of cell differentiation by phorbol-
12-myristate-13-acetate, also exhibited resistance, although to
a lesser degree, to induction of cell differentiation by 1,25-

dihydroxyvitamin D3. The resistance to the action of the two
compounds is presumably not due to similar binding sites for the
two inducers, since 1,25-dihydroxyvitamin D3 was unable to

compete for the phorbol diester binding sites as measured by
[3H]phorbol-12,13-dibutyrate binding. B-ll cells were resistant to
induction of cell differentiation by 1,25-dihydroxyvitamin D3,phor-
bol-12-myristate-13-acetate, retinoic acid, and dimethyl sulfox-

ide.
Two-dimensional electrophoretic analysis of HL-60 cell protein

patterns indicated that treatment of the HL-60 cells with 1,25-
dihydroxyvitamin D3, phorbol-12-myristate-13-acetate, retinoic

acid, and dimethyl sulfoxide caused the cells to express various
monocyte-macrophage and granulocyte marker proteins. None

of the inducers caused a protein pattern identical to that of
peripheral monocytes or granulocytes in the HL-60 cells, but the
protein pattern of the HL-60 cells treated with 1,25-dihydroxyvi

tamin D3 was the closest to that of peripheral blood monocytes.
These results indicate that 1,25-dihydroxyvitamin D3 induces

in the HL-60 cells a phenotype that resembles, but is not identical
to, that of peripheral monocytes-macrophages.

INTRODUCTION

The human promyelocytic HL-60 leukemic cells are useful in

studying the control of cell differentiation by chemical agents (6,
9, 22, 23, 27, 30, 32). PMA3 and teleocidin, which are potent

tumor promoters in a mouse skin model (17, 35), can induce in
the HL-60 cells a macrophage-like phenotype at doses as low
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as 10-10 to 10-9 M (22, 27, 32). These 2 chemically unrelated

agents seem to exert their biological response through a similar
mechanism. Teleocidin competitively inhibits the specific binding
of phorbol diesters to their cellular receptors (38) and, in the HL-

60 cells, it induces differentiation characteristics similar to those
induced by PMA (22). Further, an HL-60 cell variant that is
resistant to PMA-induced cell differentiation exhibits a similar

resistance to teleocidin but not to other inducers of cell differ
entiation such as DMSO or RA (6, 9, 20, 22).

Recently, it was reported that 1^-(OH^Ds, the biologically
active metabolite of vitamin D3 (19), induced in the HL-60 cells a

number of differentiation markers at low doses (30, 37). The
biological activity of 1,25-(OH)2D3, as for both PMA and teleocidin

(12, 21, 36, 38), requires binding to specific cellular receptors
(10, 11, 16, 29). These studies raised the possibility that 1,25-
(OH)2D3may, in the HL-60 cells, induce differentiation processes

via a mechanism similar to the action of PMA and teleocidin. To
examine this possibility, we compared the ability of 1,25-(OH)2D3
and PMA to induce cell differentiation in HL-60 cells and in 2 HL-
60 cell variants which are resistant to PMA-induced cell differ

entiation (22, 24, 28). In addition, we investigated the ability of
1,25-(OH)2D3 to inhibit specific phorbol diester receptor binding
(38) as a means to establish whether 1,25-(OH)2D3, like teleoci

din, shares similar binding sites with phorbol diesters. Cell differ
entiation in the HL-60 and variant cells was characterized by

morphological, enzymatic, and antigenic markers as well as by
a 2-dimensional electrophoretic analysis of newly synthesized

cellular proteins.
Our results indicate that 1,25-(OH)2D3 induces in the HL-60

cells a macrophage phenotype similar to but not identical to that
induced by PMA. Furthermore, 1,25-(OH)2D3, unlike teleocidin,

does not decrease the binding of phorbol esters to their recep
tors. However, on the basis of a resistance of an HL-60 cell
variant to both 1,25-(OH)2D3 and PMA, we can assume that

these 2 agents may require a similar cellular event in the induction
of a macrophage-like cell differentiation in the HL-60 cells.

MATERIALS AND METHODS

Cells and Culture Conditions. HL-60 cells were provided by Dr. R.
C. Gallo (National Cancer Institute, Bethesda, Md.) (9, 23). An HL-60 cell

variant resistant to induction of cell differentiation by phorbol diesters,
designated as R-80, was isolated by culturing HL-60 cells for 80 subcul
tures (5- to 8-day intervals) in the presence of increasing concentrations

of PMA (Chemicals for Cancer Research, Eden Prairie, Minn.) (20, 22,
24, 36). The R-80 cells were subcultured 4 to 6 times in the absence of
PMA prior to their use in the various experiments. Another HL-60 cell

variant resistant to induction of cell differentiation by DMSO, designated
as B-ll, was a gift from Dr. P. G. Major (Sidney Farber Cancer Institute,

Harvard Medical School, Boston, Mass.) (28). The cells were cultured in
bacterial and tissue culture Petri dishes (Falcon Plastics, Oxnard, Calif.)
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in RPM11640supplementedwith 20% fetal bovine serum, penicillin(100
units/ml), and streptomycin (100 ^g/ml) (Grand Island Biological Co.,
GrandIsland,N. Y.)at 37Â°in anatmosphereof 5% CO2in air in humidified
incubators.The 1,25-(OH)2D3and PMA were dissolved in a final concen
tration of 0.01% DMSO, and RA was dissolved in 0.1% DMSO in culture
medium. DMSO at these concentrations did not affect cell growth or the
expression of the various differentiation markers. Control cultures were
treated with DMSO at a final concentration of 0.1% in culture medium.

Evaluationof MorphologicalDifferentiation.Formorphologicaleval
uation of cell differentiation,control and treated cells were removedfrom
the Retri dishes, pelleted by centrifugation, and resuspended in 1 ml
fresh medium. Approximately 0.1 ml of the cell suspension was spread
on a glass microscope slide, air dried, and stained with Wright-Giemsa.
Differentialcell counting was performedon 200 to 400 stained cells from
at least 2 preparations for each experimental point.

Lysozyme and NonspecificEsterase Activities.Lysozymeactivity
was determined by a decrease in turbidity of a cell suspension of
Micrococcus lysodeikticus, measured at an absorbance of 450 nm at
25Â°,as described (34). The reaction mixture (3 ml) contained 2.5 ml of

substrate (0.12 mg bacteria per ml of 67 nui potassium phosphate
buffer, pH 6.24) and 0.5 ml of cell-free supernatant from control or
treated cultures. The nQequivalent of lysozyme activity was estimated
by comparing the cell-free supernatant activity with that of a standard
activity curve using purified hen egg white lysozyme as a standard
(Sigma Product L-6876). Results are expressed in mgequivalents/107

cells/10 ml of medium (25).
Nonspecificesterase activity was determinedcytochemicallyusing Â«-

naphthyl acetate as the substrate (40). Cells spread on a microscope
slide were fixed with cold formalin-acetoneand incubated in a Coplin jar
for 45 min at room temperature in a staining solution that contained 63.5
ml phosphate buffer (0.1 M, pH 7.6), 4.2 ml hexazotized p-rosalinin
(obtained by mixing an equal volume of 4% sodium nitrite and 4% p-
rosalinin),and 3.5 ml Â«-naphthylacetate solution (28.6 mg/ml of ethylene
glycol monomethyl ether). Prior to use, the pH of the staining solution
was adjusted to pH 6.1, and the solution was filtered through filter paper
to remove precipitated material.

Reactivity with OMK1 Monoclonal Antibody. The murineOKM1
monoclonalantibody, which exhibits reactivity with human blood mono-
cytes and granulocytes (15), was obtained from Ortho Pharmaceutical
Corp., Raritan, N. J. Reactivity with the OKM1 antibody was detected in
the presence of a fluorescein-labeled goat anti-mouse antibody. The
Â¡mmunofluorescencewas determined after 106cells, suspended in 200

n\ of cold PBS, were incubated with 5 *J of reconstituted OKM1 mono
clonal antibody (diluted 1:40 with buffer) for 30 min at 4Â°.The cells were
washed twice with ice-cold buffer and resuspended in 100 Â¡Aof fluores-
cein isothiocyanate-conjugatedgoat anti-mouse immunoglobulinfor 30
min at 4Â°.After 2 additionalwashes with buffer containing30% glycerol,

cell suspensions of 0.05 ml were dropped on glass slides, and the cells
were covered with a coverslip and examined for reactivity with the
antibody. Eachexperimentalpoint was based on an analysisof 200 cells
from 2 separate preparations.

Labelingof Cells and 2-DimensionalElectrophoresis.Cellsfor the
2-dimensional analysis were incubated for 2 days with or without the
inducers in the growth mediumand subsequentlyfor 18 hr in RPM11640
lacking methionine (Grand Island Biological Co.; Selectamine Kit), sup
plementedwith 10% fetal bovine serum, antibiotics, and [^SJmethionine

(60 /iCi/ml, 1000 Ci/mmol; Amersham Corp., Arlington Heights, III.).
Human monocytes were prepared from peripheral blood as described
previously (18). Cells were solubilized in a solution containing 9 M urea,
4% Nonidet P-40, 2% mercaptoethanol, and 2% ampholytes (pH 9 to
11; LKB, Bromma, Sweden) at a final pH of 9.5. Two-dimensional
electrophoresis was performed using the 7- x 7-inch ISO-DALTsystem
(3, 4). The gels were then dried and autoradiographedon Kodak XAR-2
film for 1 week.

Bindingof [3H]PDBUto Intact Cells. The bindingof [3H]PDBU(spe

cific activity, 6.4 Ci/mmol; Life System Co., Newton, Mass.) to intact

cells (36) was assayed in 1.5 ml high-density polypropylene micro-test
tubes (Bio-Rad Laboratories; No. 223-9501). Each tube contained, in a
total volume of 260 n\ RPMI 1640 (lacking serum), 1 to 4 x 106HL-60
cells, 31 HM[3H]PDBUin the presenceor absenceof excess nonradioac-

tive PDBU (42 MM)(Chemicals for Cancer Research), as well as other
ligandsas specified.The ligands [PMA, teleocidin,RA, and 1,25-(OH)2D3J
were analyzedfor their ability to inhibit [3H]PDBUbinding to HL-60 cells.
Therefore, they were incubated with the HL-60 cells (at 4Â°)15 min prior
to the addition of [3H]PDBU.The cells used in the various reactions had
beenwashed 3 times with cold PBS, pH 7.4, and resuspendedin serum-
free RPM11640. All reactions took place on ice in a 4Â°cold room.

The reaction mixtures were thoroughly mixed and allowed to incubate
for 45 min.Thefinal DMSOconcentrationwas less than 1%. The reaction
was terminated by the addition of 0.5 ml ice-cold PBS. The tubes were
immediatelycentrifugea at 12,000 x g in an Eppendorf microcentrifuge
(Brinkman Instrument Co., Westbury, N. Y.) for 5 min at 25Â°.After

centrifugation, a 10CM aliquot was removed to determine the amount
of free [3H]PDBU.The remainingsupernatant was carefullyaspiratedoff,
and the cells were washed 3 times with aliquots of 0.5 ml ice-cold PBS.
The end of the micro-test tube containing the pelleted cells was cut off
and placedovernight in a scintillationvial containinga solubilizingsolution
of 1 ml of 1% lauryl sulfate and 10 rtiM dithiothreitol. The counting
efficiencyfor [3H]PDBUunder these conditions was about 50%. Specific

binding was calculated as the difference between the total binding and
nonspecificbinding.The latter was determined in the presenceof excess
nonradioactive PDBU. The nonspecific binding of [3H]PDBUwas 12 Â±

5% (S.D.)of the total binding.

RESULTS

Induction of a Macrophage Cell Differentiation in HL-60
Cells by Treatment with 1,25-(OH)2D3 or PMA. During a period
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Chart 1. Cell growth and induction of markers of cell differentiation in HL-60
cells at various times after treatment with different concentrations of 1,2
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of 6 days of growth in culture, about 2% of the untreated HL-60
cells exhibited nonspecific esterase activity characteristic of mon-
ocytes-macrophages (Fig. 1; Chart 1). A similar percentage of

the cells reacted with OKM1 monoclonal antibody which detects
a surface antigen present in rnonocytes and granulocytes (15,
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Chart 2. Induction of markers of cell differentiation in HL-60, R-80, and B-ll cells
after treatment for 6 days with different concentrations of 1,25-<OH)2D3or PMA.

33). The HL-60 cells also retain a small amount of lysozyme
activity (4 /ig equivalents/107 cells/10 ml of growth medium)

(Chart 1).
Treatment of HL-60 cells for more than 24 hr with 1,25-(OH)2D3

at doses higher than 3 x 10~10M resulted in a time- and dose-

dependent increase in nonspecific esterase and lysozyme activ
ities, in an increase in reactivity of the cells with OKM1 monoclo
nal antibody, and in a decreased cell growth (Charts 1 and 2;
Fig. 1). At the end of 6 days of treatment with doses higher than
3 x 10~8 M, more than 80% of cells stained for nonspecific

esterase activity, and more than 90% of the cells exhibited
reactivity with OKM1 monoclonal antibody. Lysozyme activity
was elevated to about 50 ^g equivalents/107 cells/10 ml (Chart
2) after treatment with 10~7 M 1,25-ÃOH)2D3.This treatment also

produced about 25% cell attachment to the surface of the Retri
dishes, another macrophage characteristic. The different mono-
cyte-macrophage characteristics induced by 1,25-(OH)2D3 in HL-

60 cells were similar to those induced by PMA (22, 23, 27, 32,
33), although the kinetics of differentiation marker acquisition
were not necessarily identical (Chart 2).

To characterize further the nature of the differentiation proc
esses induced by 1,25-(OH)2D3 and PMA, we included in our

studies 2 additional inducers of cell differentiation, namely,
DMSO and RA (6, 9, 22), as well as 2 additional HL-60 cell
variants. The B-ll cell variant was included because of its resist
ance to DMSO-induced cell differentiation (28), while the R-80
cell variant was included for its resistance to PMA-induced cell
differentiation (22). The results indicated that B-ll cells were
resistant not only to DMSO-induced cell differentiation but also

to the 3 other inducers of cell differentiation tested (Chart 2).
The R-80 cells were resistant to PMA-induced cell differentiation
and somewhat resistant to differentiation induced by 1,25-
(OH)2D3 (Table 1; Chart 2). The R-80 cells, however, were as
susceptible as the parental HL-60 cells to cell differentiation
induced by DMSO and RA. These 2 agents induced in the R-80

cells a granulocytic phenotype characterized by an increase in
the percentage of cells with banded or segmented nuclei (Table
1).

These results indicate that both 1,25-(OH)2D3 and PMA induce
in the HL-60 cells a phenotype that resembles that of monocytes-
macrophages. The R-80 cells, which are resistant to PMA-

induced cell differentiation, were also resistant to induction of
cell differentiation by 1,25-(OH)2D3. No such resistance could be
established with DMSO or RA which induce in the HL-60 and R-

80 cells a phenotype that resembles that of granulocytes.
Inhibition of Specific [3H]PDBU Binding to Intact HL-60 Cells

by Inducers of Cell Differentiation. The resistance of R-80 cells
to cell differentiation induced by both PMA and 1,25-(OH)2D3

implies that these 2 agents may share a common event or
pathway in the induction of cell differentiation in the HL-60 cells.
An initial event in the interaction of these inducers with suscep
tible cells is their binding to specific cellular receptors. It was
therefore of interest to determine whether these inducers share
common binding sites in the HL-60 cells. To study this possibility,
we tested the ability of 1,25-(OH)2D3 to inhibit the specific binding
of phorbol diesters as measured by the binding of [3H]PDBU to

intact HL-60 cells (36). For comparison, we included teleocidin,

a nonphorbol compound, which has been shown to compete for
the PDBU binding sites (21, 38), and RA which unlike PMA,
teleocidin, and 1,25-(OH)2D3 induces a granulocytic phenotype
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in both R-80 and HL-60 cells (6,22). In agreement with previous
reports, PMA at doses above 4 x 10~9 M inhibited [3H]PDBU-

specific binding to HL-60 cells by more than 90% (Chart 3). A
similar inhibition of binding was also observed with 9 x 10~9 M

teleocidin. The 1,25-(OH)2D3, on the other hand, did not inhibit
[3H]PDBU binding even at doses as high as 5 x 10~6 M, nor was
there an inhibition of [3H]PDBU binding with 3 x 10~7 M RA. In a
similar approach, we have shown that PMA at 7 x 10~10to 7 x
10~6 M did not inhibit the specific binding of [3H]1,25-{OH)2D3 to

its cytosolic receptor (37) (data not shown).
These results indicate that 1,25-(OH)2D3, unlike teleocidin,

does not seem to interact with the specific phorbol diester
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receptor sites. It thus appears that the common events in the
induction of cell differentiation by PMA and 1,25-(OH)2D3 involve

events following the binding step.
Synthesis of Monocyte-Macrophage Marker Proteins in HL-

60 Cells after Treatment with Different Inducers of Cell Dif
ferentiation. In order to describe further the macrophage phe-
notype induced by 1,25-(OH)2D3 and PMA, we used 2-dimen-

sional gel electrophoresis to analyze the newly synthesized
proteins in HL-60 cells after treatment with a number of inducers

of cell differentiation. For comparison, we included monocytes
and granulocytes from human peripheral blood. Treatment with
1,25-(OH)2D3, PMA, RA, and DMSO caused, as previously re

ported for some of the inducers (5, 8, 26), either the disappear
ance or appearance of a fraction of the cell proteins. Among the
proteins that did not exhibit marked changes were actin and ft>-
microglobulin (Fig. 2; Table 2). Treatment of the HL-60 cells with
1,25-(OH)2D3 resulted in the synthesis of 2 proteins (labeled D in
Fig. 2) that are presumably specific to this Â¡nducerand 5 mono-
cyte-macrophage marker proteins (Table 2) (13, 18) (Fig. 2,

rectangles). Treatment with PMA, DMSO, and RA did not cause
the synthesis of the 2 proteins specific to 1,25-(OH)2D3. These

treatments did, however, cause the cells to express a number
of the monocyte-macrophage marker proteins. Another apparent
monocyte-macrophage marker protein, labeled as M:1 (Fig. 2),
was synthesized at high levels in PMA- and DMSO-treated HL-
60 cells and at lower levels in RA- and 1^-{OHfeDs-treated
cells. HL-60 cells treated with 1,25-(OH)2D3 also synthesized 2

major cytoplasmic proteins, Mit:5, which is a mitochondria! pro
tein of monocytes and granulocytes, and C:1 (GalgÃ³n1), a protein
expressed at high levels by granulocytes and at significant levels
by monocytes (Fig. 2; Table 2). Neither of these 2 proteins are
expressed at significant levels in untreated HL-60 cells (Fig. 2;

Table 2). One of the 2 (C:1) was also detected after treatment
with RA and DMSO.

PMA has specific effects in the HL-60 cells (such as the

induction of protein P:1) that are not produced by the other
inducers. However, these changes also occur in other cell types

Table 1
Induction of cell differentiation in HL-60 and R-80 cells after 6 days of treatmentwith 1,25-(OH)2D3,PMA,DMSO,or RA

Celino. (x10"/Petri-

dish)InducerControlPMA

DMSO
RAConcentration10"7M3x

IO'9 M

1.5%
1Q-Â«MHL-6014

60.2

2
4R-8015

10
14
47Lysozyme

activity(ng
equivalents/107

cells/10ml)HL-604

50
135
234R-802

6
2
8
3Cells

exhibiting
nonspecific ester
ase activity(%)HL-602

85
885

5R-802

10
2
6
3Cells

reacting with
OKM1 monoclonal

antibody(%)HL-601

91
86
4653R-801

36
2

3947Morphologically

mature cells(%)HL-605

88
89
8784R-802

84

90
72Cells

with banded or
segmentednucleiHL-605

3
53
36R-805633

Tabte2
Occurrence of marker proteins in HL-60 cells after treatment with i,25-COH;2D3,PMA, RA, or DMSOand in

untreatedperipheral blood monocytes and granulocytes

Mit:5 R:2 R:3 R:4 R:5
HL-60 control
HL-60 + RA
ML-60+ DMSO
HL-60 + PMA
HL-60 + 1,25-(OH)2D,
Monocyte-macrophagec
Granutocytec

3 R, rectangles in Fig. 2.
b -, absence of marker; +, presenceof a specific marker protein; Â±,not very abundant.
0 Based on previous marker proteins characterized previously (18).
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including CEM cells (33) treated with PMA and thus are probably
not related to the specific phenotype induced by PMA in the HL-

60 cells.
To summarize the electrophoresis results, treatment of HL-60

cells with 1,25-(OH)2D3, PMA, DMSO, or RA caused the cells to
express various monocyte-macrophage and granulocyte marker
proteins. Cells treated with 1,25-{OH)2D3 differed in their protein

pattern from cells treated with PMA or the other 2 inducers.
None of the inducers caused a protein pattern identical to that
of either monocytes-macrophages or granulocytes; treatment
with 1,25-(OH)2D3 induced in the HL-60 cells the protein pattern
closest to that of peripheral blood monocyte-macrophages.

DISCUSSION

Treatment of HL-60 cells with certain chemicals, including

physiological agents, can cause the cells to acquire a phenotype
that resembles that of either granulocytes or monocytes-mac

rophages (6, 9, 22, 27, 32). A member of this class of agents is
the hormone 1,25-{OH)2D3 which regulates calcium metabolism
(19, 39). Incubation of HL-60 cells with this hormone results in

its binding to cellular receptors (37) as well as induction of a
series of markers of differentiation (30, 37). Initial studies by
Miyaura et al. (30) have shown that a proportion of HL-60 cells
treated with 1,25-{OH)2D3 exhibits intermediate levels of morpho

logical maturation, an acquired ability to phagocytize Candida
albicans, and an increased level of C3 receptors. These authors
therefore suggested that 1,25-(OH)2D3 induces in the HL-60 cells

a granulocytic cell differentiation. However, some of the markers
identified are shared by granulocytes and monocytes-macro

phages.
To establish more definitely the pathway of cell differentiation

induced in HL-60 cells by 1,25-(OH)2D3, we looked for a series

of additional markers of differentiation. These included increases
in activity of lysozyme (22, 25, 32) and nonspecific esterase (22,
32, 40), reactivity with OKM1 monoclonal antibody (15, 33), and
the appearance of differentiation marker proteins in a 2-dimen-

sional gel electrophoresis profile (13, 18). For comparison in
these assays, we included treatment with PMA, which causes
the HL-60 cells to acquire a phenotype that resembles that of

macrophages (22, 27, 32), and DMSO and RA, which induce a
granulocyte-like phenotype (6, 9, 22).

The results indicated that treatment of HL-60 cells with 1,25-

(OH)2D3 caused an increase in lysozyme and nonspecific ester
ase activities, increased reactivity with OKM1 monoclonal anti
body, and an increase in the fraction of morphologically mature
cells; the inductions of these markers were both time and dose
dependent. The increases in nonspecific esterase activity and in
the synthesis of a number of monocyte-macrophage protein

markers and the absence of a large fraction of cells with banded
or segmented nuclei (characteristic of granulocytes) indicate that,
in contrast to previous suggestions (30, 37), 1,25-(OH)2D3 treat
ment of HL-60 results in a cell type that more closely resembles
that of a monocyte-macrophage than that of a granulocyte.
Treatment of mouse myeloid leukemia cells with 1,25-(OH)2D3
has also been shown to yield cells with a macrophage-like
phenotype (1). The monocyte-macrophage phenotype induced
by 1,25-(OH)2D3 in the HL-60 cells was found to be similar but

not identical with that induced by PMA.
An interesting result of the studies reported in this paper was

the observation that the R-80 cells were resistant to the differ
entiation induced by both PMA and 1,25-(OH)2D3. These and the

previous results suggest that these 2 inducers may affect a
similar process which leads to the monocyte-macrophage-like

phenotype. This process seems to involve a signal that follows
the binding of these inducers to their specific receptors, since
1,25-(OH)2D3 was not able to compete for the phorbol diester
binding sites. Various events including "down modulation" of

specific binding (29, 36) and alterations in phospholipid (7, 20,
39) and calcium (19, 35, 39) metabolism, induced by both induc
ers, may perhaps be the common signal(s) that leads to the
similar although not identical phenotype.

Analysis of the protein profiles in the 2-dimensional gel electro

phoresis patterns indicates that the phenotype induced by PMA
and to some degree by 1,25-(OH)2D3 was not identical with those
of normal peripheral blood monocytes-macrophages. A study of

reactivity with monoclonal antibodies against the surface anti
gens in differentiating myeloid leukemia cells as well as a study
dealing with the expression of some functional markers in these
cells led to a similar conclusion (14, 31 ). Thus, the phenotypes
acquired after treatment with 1,25-(OH)2D3, PMA, DMSO, and

RA represent either a limited pattern of the normal mature cells
or a mixture between the monocyte-macrophage and granulo

cyte patterns with the different inducers controlling the degree
to which a certain pattern is expressed. Of all the tested inducers,
1,25-(OH)2D3 induced in the HL-60 cells the pattern closest to
that of monocytes-macrophages.

ACKNOWLEDGMENT

PMA was kindly supplied by Dr. Milan R. Uskokovic of Hoffmann-LaRoche, Inc.,

Nutley, N. J.

REFERENCES

1. Abe, E., Miyaura, C., Sakagami, H., Takeda, M., Konno, K., Yamazaki, T.,
Yoshiki, S., and Suda, T. Differentiation of mouse myeloid leukemia cells
induced by 1a,25-dihydroxyvitamin D3. Proc. Nati. Acad. Sei. U. S. A., 78:
4990-4994,1981.

2. Anderson, L. Identification of mitochondrial proteins and some of their precur
sors in two-dimensional electrophoretic maps of human cells. Proc. Nati. Acad.
Sei. U. S. A., 78: 2407-2411, 1981.

3. Anderson, N. G., and Anderson, N. L. Analytical techniques for cell fractions.
XXI. Two-dimensional analysis of serum and tissue proteins: multiple isoelectric
focusing. Anal. Biochem., 85: 331-340, 1978.

4. Anderson, N. L, and Anderson, N. G. Analytical techniques for cell fractions.
XXII. Two-dimensional analysis of serum and tissue proteins: multiple gradient-
slab electrophoresis. Anal. Biochem., 85: 341-354,1978.

5. Bermal, S. D., and Chen, L. B. Induction of cytoskeleton-associated proteins
during differentiation of human myeloid leukemia cell lines. Cancer Res., 42:
5106-5116,1982.

6. Breitman, T. R., Selonick, S. E., and Collins, S. J. Induction of differentiation
of the human promyelocytic leukemia cell line (HL-60) by retinoic acid. Proc.
Nati. Acad. Sei. U. S. A., 77: 2936-2940, 1980.

7. Cabot, M. C., Welsh, C. J., Callaham, M. F., and Huberman, E. Alterations in
lipid metabolism induced by 12-O-tetradecanoylphorbol-13-acetate in differ
entiating human myeloid leukemia cells. Cancer Res., 40:3674-3679,1980.

8. Colbert, D. A., Fontana, J. A., Bode, U., and Deisseroth, A. B. Changes in the
translational activity of polyadenylated messenger RNA of HL-60 promyelocytic
leukemia cells associated with myeloid or macrophage differentiation. Cancer
Res., 43. 224-234,1983.

9. Collins, S. J., Ruscelli, F. W., Gallagher, R. E., and Gallo, R. C. Terminal
differentiation of human promyelocytic leukemia cells induced by dimethyl
sulfoxide and other polar compounds. Proc. Nati. Acad. Sei. U. S. A., 75:
2458-2462,1978.

10. Colston, K., Colston, M. J., and Feldoman, D. 1,25-Dihydroxyvitamin D3 and
malignant melanoma: the presence of receptors and inhibition of cell growth
in culture. Endocrinology, 108: 1083-1086,1981.

11. Colston, K., Hirst, M., and Feldoman, D. Organ distribution of the cytoplasmic
1,25-dihydroxycholecalciferol receptor in various mouse tissues. Endocrinol-

OCTOBER 1983 4993



S. Murao et al.

ogy, 707. 1916-1922,1980.
12. Dunphy, W. G., Deletes. K. B., and Blumberg, P. M. Characterization of specific

binding of [3H]phorbol 12,13-dibutyrate and [3H]phorbol 12-myristate 13-ace-
tate to mouse brain. Cancer Res., 40: 3635-3641,1980.

13. Fagerhol, M. K., Dale, I., and Andersson.T. Release and quantitation of a
leukocyte derived protein (LI). Scand. J. Hematol., 24: 393-398,1980.

14. FerrerÃ², D., Possano, 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.

15. Foon, K. A., Schroff, R. W., and Gale, R. P. Surface markers on leukemia and
lymphoma cells: recent advances. Blood, 60: 1-19, 1982.

16. Frampton, R. J., Suva, L. J., Eisman, J. A., Findlay, D. M., Moore, G. E.,
Moseley, J. M., and Martin, T. J. Presence of 1,25-dihydroxyvitamin D3
receptors in established human cancer cell lines in culture. Cancer Res., 42:
1116-1119,1982.

17. Fugiki, H., Suganuma, M., Matsukura, N., Sugimura, T., and Takayama, S.
Teleocidin from Streptomyces is a potent promoter of mouse skin carcinogen-
esis. Carcinogenesis (Lond.), 3: 895-898, 1982.

18. Gemmell, M. A., and Anderson, N. L. Lymphocyte, monocyte, and granulocyte
proteins compared by use of two-dimensional electrophoresis. Clin. Chem.,
28: 1062-1066,1982.

19. Haussler, M. R., and McCain, T. A. Basic and clinical concepts related to
vitamin D metabolism and action. N. Engl. J. Med., 297: 974-983, 1977.

20. Hoffman, D. R., and Hubenman, E. The control of phospholipid methylation by
phorbol diesters in differentiating human myeloid HL-60 leukemia cells. Carcin
ogenesis (Lond.), 3: 875-880,1982.

21. Horowitz, A. D., Greenebaum, E., and Weinstein, l. B. Identification of receptors
for phorbol ester tumor promoters in intact mammalian cells and of an inhibitor
of receptor binding in biologic fluids. Proc. Nati. Acad. Sei. U. S. A., 78: 2315-

2319,1981.
22. Huberman, E., Braslawsky, G. R., Callaham, M. F., and Fujiki, H. Induction of

differentiation of human promyelocytic leukemia (HL-60) cells by teleoddin and
phorbol-^-myristate-IS-acetate. Carcinogenesis (Lond.), 3:111-114,1982.

23. Huberman, E., and Callaham, M. F. Induction of terminal differentiation in
human promyelocytic leukemia cells by tumor-promoting agents. Proc. Nati.
Acad. Sel. U. S. A., 76: 1293-1297,1979.

24. Huberman, E., Weeks, C., Herrmann, A., Callaham, M., and Slaga, T. Altera
tions in polyarpme levels induced by phorbol diesters and other agents that
promote differentiation in human promyelocytic leukemia cells. Proc. Nati.
Acad. Sei. U. S. A., 78: 1062-1066,1981.

25. Krystosek, A., and Sachs, L. Control of lysozyme induction in the differentiation
of myeloid leukemia cells. Cell, 9: 675-684,1976.

26. Uebermann, D., Hoffman-Liebermann, B., and Sachs, L. Regulation of gene
expression by tumor promoters. II. Control of cell shape and developmental

programs to macrophages and granulocytes in human leukernic cells. Int. J.
Cancer, 28:285-291,1981.

27. Lotem, J., 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. Sei. U. S. A., 76: 5158-5162,1979.

28. Major, P. P., Griffin, J. D., Minden, M., and Kufe, D. W. A blast subclone of
the HL-60 human promyelocytic cell line. Leukemia Res., 5: 429-430,1981.

29. Manolagas, S. C., and Deftos, L. J. Studies of the internalizaron of vitamin D3
metabolites by cultured osteogenic sarcoma cells and their application to a
non-chromatographic cytoreceptor assay for 1,25-dihydroxyvitamin D3.
Biochem. Biophys. Res. Commun., 95: 596-602, 1980.

30. Miyaura, C., Abe, E., Kuribayashi, T., Tanaka, H., Konno, K., Nishii, Y., and
Suda, T. 1a,25-Dihydroxyvitamin D3 induces differentiation of human myeloid
leukemia cells. Biochem. Biophys. Res. Commun., 702: 937-943,1981.

31. Newburger, P. E., Baker, R. D., Hansen, S. L., Duncan, R. A., and Greenberger,
J. Functionally deficient differentiation of HL-60 promyelocytic leukemia cells
induced by phorbol myristate acetate. Cancer Res., 47:1861-1865,1981.

32. Rovera, G., Santoli, D., and Damski, C. Human promyelocytic leukemia cells
in culture differentiate into macrophage-like cells when treated with a phorbol
diester. Proc. Nati. Acad. Sei. U. S. A., 76:2779-2783,1979.

33. Ryffel, B., Henning, C. B., and Huberman. E. Differentiation of human T
lymphoid leukemia cells into cells that have a suppressor phenotype is induced
by phorbol 12-myristate 13-acetate. Proc. Nati. Acad. Sei. U. S. A., 79: 7336-

7340, 1982.
34. Sigma Chemical Co. Bulletin L-6876.
35. Slaga, T. J., Sivak, A., and Boutwell. R. K. (eds.). Carcinogenesisâ€”a Compre

hensive Survey, Vol. 2. New York: Raven Press, 1978.
36. Solanki, V., Slaga, T. J., Callaham, M., and Huberman. E. Down regulation of

specific binding of [20-3H]phorbol-12,13-dibutyrateand phorbol ester-induced

differentiation of human promyelocytic leukemia cells. Proc. Nati. Acad. Sei. U.
S. A., 78:1722-1725,1981.

37. Tanaka, H., Abe, E., Miyaura, C., Kuribayashi, T., Konno, K., Nishii, Y., and
Suda, T. 1a,25-Dihydroxycholecalciferol and a human myeloid leukaemia cell
line (HL-60). Biochem. J., 204: 713-719, 1982.

38. Umezawa, K., Weinstein, I. B., Horowitz, A., Fujiki, H., Matsushima, T., and
Sugimura, T. Similarity of teteocidin B and phorbol ester tumour promoters in
effects on membrane receptors. Nature (Lond.), 290: 411 -413,1981.

39. Wasserman, R. H., Brindak, M. E., Meyer, S. A., and Fullmer, C. S. Evidence
for multiple effects of vitamin D3 on calcium absorption: response of rachitic
chicks, with or without partial vitamin D;1repletion, to 1,25-dihydroxyvitamin
D3. Proc. Nati. Acad. Sei. U. S. A., 79: 7939-7943, 1982.

40. Yam, L. T., U, C. Y., and Crosby, W. H. Cytochemical identification of
monocytes and granulocytes. Am. J. Clin. Pathol., 55: 283-290, 1971.

4994 CANCER RESEARCH VOL. 43



Macrophage Differentiation Control by 1,25-(OH)ZD3 and PMA
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Fig. 1. Staining for nonspecific esterase activity in control cells and cells at the end of 6 days of treatment. A, C, E, and G, HL-60 cells; B, D, F, and H, R-80 cells. A
ana B, control; C and D, 1fr7 M 1,25-{OH),D3. E and F. 3 x 1fr" M PMA; G and H, 1.5% DMSO. x 700.
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