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ABSTRACT

The expression of three myeloid-specific nuclear antigens was

studied by indirect immunofluorescence with murine monoclonal
antibodies in human myeloid (HL-60, ML-2, KG-1, and B-ll)

leukemia cells treated with chemical inducers of cell differentia
tion. Treatment of the promyelocytic HL-60 cells with dimethyl
sulfoxide or 1,25-dihydroxyvitamin D3induced the cells to acquire
a phenotype that resembled that of granulocytes and monocytes-

macrophages, respectively. These phenotypes were character
ized by changes in cell growth, cell morphology, expression of
specific cell surface antigens, and activities of lysozyme and
nonspecific esterase enzymes. Induction of these differentiation
markers in the HL-60 cells was associated with induction of the
myeloid-specific nuclear antigens. The ML-2 cells, which are
arrested at the myeloblast-promyelocyte stage, were also sus

ceptible to the induction of cell differentiation and to changes in
the expression of the nuclear antigens, but the degree of sus
ceptibility was less than in the HL-60 cells. The less-differentiated
KG-1 and B-ll myeloid cells were either not responsive or re
sponded only in a limited degree to the induction of cell differ
entiation or to changes in the expression of the nuclear antigens.

We suggest that the reactivity of cells with monoclonal anti
bodies to specific nuclear antigens can be used as a maturational
marker in cell differentiation studies. Furthermore, nuclear anti
gens expressed early in cellular differentiation may provide infor
mation about changes in regulatory elements in normal and
malignant cells.

INTRODUCTION

Antibodies directed toward NA4 can be useful in studies of

nuclear organization and function (6, 7,17, 32, 38). A number of
investigators have reported that antibodies to nonhistone nuclear
proteins display a tissue-specific reactivity (8, 20, 37), including

a specific response toward polymorphonuclear neutrophils (5,
39). These studies indicate that some NA are associated with
cellular functions that are characteristic of differentiated cells.
We therefore decided to investigate the expression of such
antigens during the process of cell differentiation in defined
cellular systems. For these studies, we chose human HL-60,
ML-2, and KG-1 myeloid leukemia cell systems (9, 23, 26),
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because these cells display useful morphological, enzymatic,
antigenic, and functional markers of cell differentiation. Further
more, upon treatment with chemical inducers of cell differentia
tion, these cells exhibit phenotypes that resemble either granu
locytes or monocytes-macrophages (3, 4, 18, 19, 21, 27, 29-
31, 33). We studied the expression of a series of myeloid cell-
specific NA in these human cells and correlated their appearance
with the expression of differentiation markers after treating the
cells with 2 such chemical inducers of cell differentiation, namely,
DMSO and 1,25-(OH)2D3.

MATERIALS AND METHODS

Cell and Culture Conditions. The human KG-1 (clone 2), ML-2, HL-
60, and B-ll leukemia cells were cultured in Retri dishes (Falcon Plastics

Corp., Oxnard, CA) in RPMI 1640 supplemented with 20% fetal bovine
serum, penicillin G (100 units/ml), and streptomycin sulfate (100 //g/ml)
(Grand Island Biological Co., Grand Island, NY) at 37Â°in a humidified 5%

C02 incubator. The KG-1 cells (23) were obtained from Dr. H. P. Koeffler
(University of California, Los Angeles, CA), the ML-2 cells (26) came from
Dr. J. Minowada (Veterans' Administration Medical Center, HiÃ±es,IL),

and HL-60 cells were obtained from Dr. R. C. Gallo (National Cancer
Institute, Bethesda, MD). An HL-60 cell variant resistant to induction of
cell differentiation by DMSO, designated B-ll (28), was obtained from Dr.

D. W. Kufe (Sidney Farber Cancer Institute, Harvard Medical School,
Boston, MA).

Normal mature lymphocytes, monocytes, and granulocytes were iso
lated from human peripheral blood by a discontinuous density gradient
of Ficoll:Hypaque (Sigma Chemical Co., St. Louis, MO). Monocytes and
lymphocytes were obtained from the interface of the gradient, and the
monocytes were separated from this mixture by their ability to attach to
tissue culture Petri dishes. Granulocytes were collected from the bottom
of the Ficoll:Hypaque gradient. RBC were removed by dextran sedimen
tation followed by lysis of residual RBC. We used 3 methods to verify
the purities of the isolated monocytes (>95%), lymphocytes (>95%), and
granulocytes (>98%): (a) staining by Wright's Giemsa; (b) staining for

specific or nonspecific esterase activity; and (c) reaction with murine
monoclonal antibodies for specific cell surface antigens.

1,25-(OH)2D3 was dissolved in DMSO at a final concentration of 0.1%

in culture medium. At this concentration, DMSO did not affect either cell
growth or the expression of the various differentiation markers.

Enzyme Activities. Lysozyme activity was determined by a decrease
in turbidity of a cell suspension of the bacteria Micrococcus lysodeikticus
measured at an absorbance of 450 nm at 25Â°,as described in Sigma

Chemical Co. Bulletin L-6876. The reaction mixture (3 ml) contained 2.5

ml of substrate (0.12 mg of bacteria per ml of 67 mw potassium
phosphate buffer, pH 6.24) and 0.5 ml of cell-free supernatant from

control or treated cultures. The Â¿igequivalent 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. Results are expressed in ^g equivalents/107 cells/10 ml of

medium (25).
Nonspecific and specific esterase activities were determined cyto-

chemically (40). Smear specimens that were fixed at 4Â° with Yam's

fixative were incubated in a Coplin jar for 45 min at room temperature in
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a staining solution that contained 62.3 ml of PBS, 4.2 ml of hexazotized
pararosaniline (obtained by mixing an equal volume of 4% sodium nitrite
and 4% pararosaniline hydrochloride), and 3.5 ml of Â«-naphthyl acetate

solution (28.6 mg/ml of ethylene glycol monomethyl ether). The pH of
the staining solution was adjusted to pH 6.1 and filtered prior to use.

Cell Reactivity with Monoclonal Antibodies to Human Cell Surface
Antigens. The anti-human myelomonocytic OKM1 murine monoclonal
antibody was obtained from Ortho Pharmaceutical Corp., Raritan, NJ,
and the anti-human monocyte 1 (Mo-1) and anti-human monocyte 2 (Mo-

2) murine monoclonal antibodies were purchased from Bethesda Re
search Laboratories, Gaithersburg, MD. Reactivity with these anti-cell
surface monoclonal antibodies was detected by indirect immunofluores-
cence methods using FITC-conjugated goat anti-mouse IgG. The im-
munofluorescence was determined after 5 x 106 cells, suspended in 100
n\ of cold PBS (pH 7.4), were incubated for 30 min at 4Â°with either 2.5

n\ of reconstituted OKM1 monoclonal antibody (diluted 1:40 with PBS)
or 25 n\ of the Mo-1 or Mo-2 monoclonal antibody. After this incubation,
the cells were washed twice with ice-cold PBS and then resuspended in
a 100-fi\ solution containing FITC-conjugated goat anti-mouse IgG Ffab'k

fraction (Cappel Laboratories, Cochranville, PA). Following 2 additional
washes with PBS containing 30% glycerol, the cells were suspended in
20 n\ of PBS containing 30% glycerol, placed on a glass slide with a
coverslip, and examined with a Leitz fluorescence microscope. Each
experimental point was based on an analysis of 200 cells from 2 separate
preparations.

Reactivity with Monoclonal Antibodies to Human Myeloid NA. Mye-
loid-specific NA were detected by indirect immunofluorescence tech
niques using monoclonal antibodies N-1 to N-3 previously designated
825-18, 856-4, and 888-5, respectively (11). Immunoprecipitation analy
sis using [35S]methionine-labeled myeloid leukemia cells has shown that

monoclonal antibody N-1 is directed against an M, 13,000 protein.
Immunoprecipitation and immunoblot experiments with N-2 and N-3 have

consistently yielded negative results.
For these studies, the cells were washed twice with PBS containing

0.2% bovine serum albumin and 0.02% sodium azide, diluted to a
concentration of 106 cells/ml, and spun on glass slides using a Cytospin

centrifuge (Shandon, Sewickley, PA). After air drying, the cells were fixed
for 10 min at room temperature in PBS containing 2% paraformaldehyde
(Polysciences) and for 3 min in cold acetone (-20Â°). The fixed cells were
incubated with 30 Â¿ilof hybridoma supernatants for 30 min at 37Â°.Cells

were kept moist through the whole procedure to maintain reactivity with
the monoclonal antibodies. After 3 washes with PBS at room tempera
ture, the cells were incubated as above with FITC-conjugated goat anti-
mouse IgG F(ab')z for 30 min at 37Â°.The cells were counterstained with
6 x 10~4% Evans blue for 5 min and then examined under a Leitz

fluorescence microscope. Each experimental point was based on an
analysis of 200 cells from 2 separate preparations.

RESULTS

Expression of Maturation-specific Nuclear and Cell Surface
Antigens in Normal and Leukemic Blood Cells. The expression
of myeloid-specific NA and Å“il surface antigens in human pe

ripheral blood leukocytes and 4 leukemia cell lines is shown in
Table 1. The normal blood cell types were lymphocytes, mono-

cytes, and granulocytes; the cell lines included myeloid leukemia
cells, which are arrested at different stages of cell maturation.
The maturation stage was identified by morphological character
istics and the presence or absence of specific and nonspecific
esterase activities. The NA and cell surface antigens were de
tected by indirect immunofluorescence after the cells were ex
posed to specific monoclonal antibodies. The myeloid-specific
monoclonal antibodies produced a homogeneous (Fig. 1, N-1) or
speckled nuclear fluorescent pattern (Fig. 2, N-2 and N-3) or a
membrane ring pattern (OKM1, Mo-1, Mo-2).

In normal blood cells, N-1 and N-3 exhibited similar reactivities
with monocytes and granulocytes, whereas N-2 reacted with

granulocytes and a fraction of the monocytes. We observed an
inverse situation with Mo-2; greater reactivity was found with
monocytes than with granulocytes (Table 1). The other anti-cell
surface antibodies OKM1 and Mo-1 exhibited similar reactivities

with both granulocytes and monocytes. None of the tested
monoclonal antibodies reacted with lymphocytes (Table 1).

The leukemia cells (which are arrested at an early phase of
the myeloid lineage, the myeloblast and promyelocyte stage) did
not react effectively with the antinuclear monoclonal antibodies.
The KG-1 cells were the only leukemia cells that reacted strongly
with one of the anti-cell surface antibodies (OKM1) (Table 1).

Expression of Myeloid-specific Nuclear and Cell Surface
Antigens in Differentiating Leukemia Cells. Treatment of HL-
60 cells with DMSO or 1,25-{OH)2D3 resulted in cell differentia

tion. This differentiation was characterized by an inhibition of cell
growth, an increase in lysozyme activity, and reactivity with the
maturation-specific anti-cell surface monoclonal antibodies (Ta
ble 2; Chart 1). In the HL-60 cells, treatment with 1,25-{OH)2D3

also caused an increase in nonspecific esterase activity, which
is characteristic of monocytes (Table 2). In addition, DMSO and
1,25-(OH)zD3 treatment caused an increase in the reactivity of
the cells with the myeloid-specific antinuclear monoclonal anti

bodies (Table 2; Figs. 1 and 2). These increased reactivities with
the anti-cell surface and antinuclear antibodies are not necessar

ily associated with reduced cell proliferation elicited by these
inducers, because inhibition of cell replication by X-irradiation
(250 R) did not result in a marked increase in the reactivity of
the cells with either N-1 or OKM1 antibody for up to 5 days after

irradiation. Neither did this irradiation affect the increase in these
reactivities induced by 1,25-(OH)2D3.

The changes in the expression of the different NA in the HL-
60 cells were detected at different times after initiation of the
DMSO or 1,25-(OH)2D3 treatment (Chart 2). The earliest detected
change was in the expression of the NA N-1, which exhibited
one-half of its maximal change at 1.5 to 2 days, while the other
2 NA, N-2 and N-3, exhibited one-half of their maximal increase

at 4 to 5 days.
ML-2 cells also responded to DMSO and 1,25-(OH)2D3 treat

ment but to a lesser degree than HL-60 cells (Table 2). Moreover,
the DMSO-treated ML-2 cells did not exhibit an increase in
reactivity with either Mo-1 or Mo-2 antibodies (Table 2). The less
mature B-ll and KG-I cells did not react with the antinuclear

monoclonal antibodies even after treatment with the inducers,
nor did control or treated B-ll cells react with the anti-cell surface
reagents. A small increase in reactivity with the Mo-1 and Mo-2
antibodies (from 1 to 8% of the cells) was observed in KG-1 cells
treated with 1,25(OH)2D3.

These results indicate that DMSO and 1,25-(OH)2D3 stimulated
in the HL-60 and ML-2 cells, but not in the KG-1 or B-ll cells, a

series of changes in the expression of cell surface antigens and
NA that are consistent with the acquisition of a phenotype that
is characteristic of more mature myeloid cells.

DISCUSSION

Cell differentiation in normal and leukemic myeloid blood cells
in culture can be characterized by morphological, enzymatic,
antigenic, and physiological markers (14, 18, 35). Recently, as a
result of the development of techniques for the generation of
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Table 1
Expressionof maturation-specificnuclear and cell surface antigens in normal and leukemic blood cells

% of cells stained for esterase activity" Reactingcells (%)

CelltypeLymphocytes"

Monocytes"
Granulocytes"
B-ll
KG-1
ML-2HL-60Morphology

(Wright's

Giemsastain)Lymphocytes

Monocytes
Granulocytes
Myeloblast
Myeloblast
Myeloblast-promyelo-

cyte
PromyelocyteNonspecific<2

>98
<2
<2
<2
92<2Specific<2

<2>98

<2
<2
9598N-1Â«1

80
>98
Â«1
Â«1

35NAN-2Ci

21
83
Â«1
Â«1
Â«1Â«1Cell

surfaceantigensN-3Â«1

71
87Â«1Â«1OKM1>9690

Â«191

3<7Mo-1Â«1

>95
88
Â«124Mo-2Â«1

>95
12
Â«1
Â«1

23

" ir-Naphthyl acetate was used as a substrate for nonspecificesterase staining, whereas naphthyl ASD chloroacetate was the substrate for the specific esterase.
0 Cells were separated on a FicolhHypaquegradient. Mean values of results obtained from 3 different individuals.

Table 2
Induction of cell differentiation in HL-60 and ML-2 leukemiacells after 5 days of treatment with either DMSOor 1,25-(OH)Â¡D3

Lysozyme ac
tivity (/Â¿gequiv-

Nn nfrplls alent/107nells/Cell
type8HL-60Control"DMSO"1

,25-(OH)iD3ML-2Control"DMSO"1

Ã•S-tOHfeDs"(x1

05cells/ml)10ml)2161412563237081578Cells

stainedfor
nonspecific
esteraseactivity258895NTCNT%

of reactingcellsN-15929231821NAN-2Â«18985Â«11514Cell

surfaceantigensN-3Â«18159Â«11123OKM17679431193Mo-1493942296Mo-2327952297

0 Cells were seeded at 106cells/100 mm and treated with either 1.25% DMSO or 3 x 10"
" Inducer.
0 NT, not tested.

M1,25-<OH)2D3.

100

II!
O 3^
gÂ«Â«

-^C"v " o
Â«J.Ãœ

0-Â£ Ol'I

80

60

40

20

100

1 13456 0

Time, days
Chart 1. Reactivity of HL-60 cells with OKM1 (â€¢)and Mo-2 (A) anti-cell surface

monoclonalantibodies at different times after treatment with 1.25% DMSO (A)and
3 x 10~7M1,25-(OH)2D3(B).During this period, 3 to 8% of the control cells reacted
with OKM1 and 2 to 4% with Mo-2.

monoclonal antibodies (24), additional sensitive and useful im-

munological markers have been introduced. Monoclonal antibod
ies prepared against cell surface antigens have been used in the
identification of cell types and cell lineages and in the character
ization of the various steps involved in the maturation of normal
and leukemic blood cells (2,10, 12, 14, 16, 34, 36). Monoclonal
antibodies prepared against NA of mature cells can be extremely
valuable in studying cell differentiation of normal and leukemic
cells. Such antibodies may react with NA that may have structural
and regulatory functions associated with the process of cell

â€¢o

55

o C
IO O

li
o i.
co a>|â€¢Â¿g

80

60

40

â€¢3 20

1 1 2 3 5 63456 0

Time, days
Chart 2. Reactivity of HL-60 cells with N-1 (â€¢),N-2 (A), and N-3 (â€¢)antinuclear

monoclonalantibodiesat different times after treatment with 1.25% DMSO (A)and
3 x 10"7M1,25-(OH)Ã®D3(B).Duringthis period, 4 to 8% of the control cells reacted
with the N-1 monoclonalantibody, while less than 1% of the control cells reacted
with the N-2 and N-3 antibodies.

maturation. Thus, the reactivity of cells with these monoclonal
antibodies can be indicative of cell maturation and, in some
cases, of the expression of regulatory elements.

In the present studies, we have analyzed the properties of 4
human leukemia cell lines: B-ll; KG-1 ; ML-2; and HL-60. These

leukemic cells are blocked at early phases of the cell pathways
that lead to the acquisition of a granulocytic or monocytic-

macrophage phenotype. In recent years, a series of natural and
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man-made chemicals have been identified that allow certain
leukemic cells to overcome these cellular blocks (35). We used
2 of these chemicals to induce cell differentiation. One of these
inducers, DMSO, will cause the cells to acquire a granulocyte-
like phenotype (9, 18), whereas the other, 1,25-(OH)2D3, will
induce a phenotype that resembles monocytes-macrophages
(31). Unlike the HL-60 and ML-2 cells, the less mature KG-1 and
B-ll cells are almost resistant to induction of cell differentiation
by these chemical agents (13, 15, 22, 31). KG-1 and B-ll cells

may require other types of chemical stimuli to overcome the
cellular block that arrests them at the blast stage.

Induction of cell maturation by DMSO and 1,25-(OH)2D3 in the
differentiation-susceptible HL-60 and ML-2 cells was associated
with an expression of the 3 myeloid-specific NA. These NA were
detected at different times after the initiation of treatment with
the inducers. The earliest, N-1, was detected at 1.5 to 2 days
after the inducer was added. The detection of this NA preceded
the expression of some, but not all, of the other markers, such
as the cell surface antigens. Nuclear antigens that may appear
prior to those we studied may be involved in the initiation of cell
differentiation in these and related cell types.

We conclude that reactivity of cells with monoclonal antibodies
to specific NA can be used to characterize the maturation phase
of normal cells and serve as useful markers in cell differentiation
studies with leukemic cells. Furthermore, monoclonal antibodies
to NA expressed at early times after chemical induction may be
useful tools in studies of changes in regulatory elements in
normal and malignant cells. Identification of other NA, such as
the oncogene product of the c-myc gene (1), may help to identify
antigens associated with critical events in both the differentiation
and transformation of human hematopoietic precursor cells.
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NA IN LEUKEMIC CELLS

Fig. 1. Indirect immunofluorescent staining pattern with N-1 monoclonal antibody of control HL-60 cells (a) and of HL-60 cells 6 days after treatment with 1,2

(o). Evans blue countersign, x 1050.
Fig. 2. Indirect immunofluorescence staining pattern with N-3 monoclonal antibody of control HL-60 cells (a) and of HL-60 cells 6 days after treatment with 1,25-

(OH)2D3(Â£>).In control cells, N-3 stained the nucleolus of most cells, yielding a fine speckled nuclear staining pattern in a small percentage of cells (see arrow). In treated
cells, most cells exhibit an intense nuclear speckled pattern and a brighter staining of the nucleolus. Evans blue counterstain. x 1050.
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