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ABSTRACT

The HL-60 (human promyelocytic leukemia) cell line has proved to
be a useful model for the study of the expression of cellular functions
and markers associated with hematopoietic differentiation. We report
here the development and initial characterization of a novel, differentia
tion-resistant HL-60 cell line (III -611-1K3)which was established by
cloning the parent HL-60 line in the absence of mutagens or differentia
tion-inducing agents. HL-60-1E3 exhibits markedly reduced phorbol
diester-induced expression of extracellular cytolytic activity, nonspecific
esterase, phagocytosis, and surface Mol antigen. In addition, dimethyl
sulfoxide-induced expression of both Mol and Mo2 is markedly reduced.
However, if HL-60-1E3 is exposed to dimethyl sulfoxide, it acquires
appreciable phorbol diester-triggered cytolytic activity and production of
Superoxide aniÃ³n(O, ). Phorbol diester receptor number and dissociation
constant (Ad) obtained by Scatchard analysis are not significantly differ
ent for the two cell lines. The HI .-60-1E3 cell line should provide a useful
adjunct to other cell lines used in the study of normal myeloid and
leukemic cell differentiation, as well as the study of cytokine maturation
factors and oncogene expression.

INTRODUCTION

Study of the differentiation of normal and neoplastic hema
topoietic cells has been greatly facilitated by the availability of
long-term tissue culture cell lines. Such cell lines are a readily
available source of large numbers of cells which are relatively
homogeneous with regard to their stage of differentiation. In
addition, some cell lines, such as the murine Friend erythroleu-
kemia system (1), possess the ability to reproducibly differen
tiate along a defined pathway after exposure to chemical re
agents (e.g., dimethyl sulfoxide). The HL-60 human promye
locytic cell line, originally described by Collins et al. (2), has
also proved to be a particularly useful model system for study.
HL-60 cells possess the ability to differentiate along either the
granulocyte or the monocyte-macrophage pathway in response
to defined chemical agents. For example, a 3-5-day exposure
to agents such as DMSO,5 retinoic acid, and sodium butyrate
induces HL-60 to differentiate along the granulocyte pathway
(3-5), whereas a variety of PDEs and other agents induce HL-
60 to express several characteristics of mononuclear phago
cytes, including expression of nonspecific esterase, adherence
to surfaces, phagocytic activity, and extracellular cytolysis of
tumor and RBC targets (6, 7). HL-60 has also proved to be
useful in studies of differentiation-related expression of cal
cium-activated phospholipid-dependent protein kinase (protein
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kinase C) (8), as well as expression of several oncogenes,
including myc,fos, zndfms (9-13).

Comparison of responses of different cell lines (e.g., HL-60
and Friend erythroleukemia) and fresh leukemic cells to agents
which induce differentiation may lead to a better understanding
of general mechanisms of cellular differentiation as well as
further understanding of the expression of cellular functions,
activities, and markers in maturing hematopoietic cells. In this
regard, a few laboratories have reported variant HL-60 sublines
which do not differentiate normally after exposure to agents
such as DMSO (14) or PDEs (15-17). These cell lines have
been developed either by mutagenizing HL-60 or by prolonged
culture in the presence of the agent to which the cells eventually
became resistant (e.g., PDEs). In the course of our studies
examining HL-60 mediated extracellular cytolysis as a model
for the generation of cytotoxic mononuclear phagocytes, we
cloned HL-60 de novo by limiting dilution, without exposing
the cells to mutagens or known differentiation-active agents. In
this report we describe the initial characterization of a cloned
HL-60 cell line which is resistant to differentiation induced by
PDEs.

MATERIALS AND METHODS

Reagents. PMA, PDBU, DMSO, and Triton X-100 were purchased
from Sigma Chemical Company, St. Louis, MO. Phorbol diesters were
stored at â€”20Â°Cas stock solutions (1 mg/ml) in DMSO. Prior to use,
PMA and PDBU were diluted in Dulbecco's phosphate-buffered saline.

Cell Lines. The HL-60 cell line was maintained in F10-RPMI. The
HL-60 clones were maintained in the same manner.

Cloning of the HL-60 Cell Line. A late passage population of HL-60
cells in log phase growth was cloned in flat microtiter wells (Costar,
Cambridge, MA) by limiting dilution. Irradiated (2500 rads) peripheral
blood mononuclear cells (2 x 105/well) were added as feeder cells.

Thirteen clones were expanded and characterized for responsiveness to
PDBU (see "Results").

Differentiation with DMSO. Cells were collected from culture and
washed with HBSS (Gibco) and resuspended at 5 x 105/rnl Â¡nF10-
RPMI, with or without 1.25% DMSO (Sigma). After 3-5 days, the
cells were washed with HBSS and resuspended in F10-RPMI at IO6

cells/ml for functional or immunofluorescence studies. Viability as
assessed by trypan blue exclusion was greater than 90%. These condi
tions have been reported by other laboratories (3, 5, 18, 34) and
confirmed by our own, to lead to substantial differentiation along the
myeloid pathway by several different criteria, including morphology
and reduction of nitroblue tetrazolium.

Cytotoxicity Assay. Assays were performed in round-bottomed Lin-
bro (Flow Laboratories) or Costar microtiter plates, as described pre
viously (7), using chicken RBC targets. Unless otherwise noted, each
well contained IO5effector cells (HL-60 parent or clones) and 5 x IO4
51Cr-labeled chicken RBC targets (effectontarget ratio, 2:1) in a final
volume of 200 n\ F10-RPMI medium. Assays were run in triplicate in
the presence of different concentrations of PDBU. After incubation for
18-20 h at 37Â°Cin a 5% CO2 in air humidified atmosphere, plates

were centrifugea (250 x g, 10 min) and 150 n\ of supernatant from
each well were assayed for 5lCr release in a gamma counter. Results are
expressed as mean percentage of 5lCr release compared to total deter-
gent-releasible radioactivity (variability, <5%). Control experiments
using the diluent for PDBU (DMSO) indicated that it induced no
extracellular cytolytic activity (7, 24). Similarly, PDBU in the absence
of HL-60 cells is not toxic to chicken RBC under these conditions (7).

Enumeration of Adherent Cells. One million cells were plated in

1319

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/5/1319/2430529/cr0470051319.pdf by guest on 19 M

ay 2023
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triplicate in 16 nini Costar flat-bottomed wells and incubated for 24 h
(37Â°C)in the presence or absence of 125 ng/ml PDBU. Nonadherent

cells were removed by two gentle washes with HBSS and counted in a
hemacytometer. Triton X-100 (1% in Dulbecco's phosphate-buffered

saline) was added to the wells containing adherent cells, and the nuclei
of the disrupted cells were counted. Results are expressed as percentage
of adherent or nonadherent cells as compared to total (adherent plus
nonadherent) cell counts.

Superoxide (O2~) Production. Generation of O2~ was measured by

the ability of this aniÃ³nto reduce ferricytochrome c (20). Cells (2.5 x
IO6in HBSS without phenol red), ferricytochrome c (993 /Â¿g/ml;type

III, Sigma), and PMA (0.3 ^g/ml) in a total volume of 1 ml were
incubated 30 min at 37Â°Cin the presence and absence of 40 Mg/m'

Superoxide dismutase (2670 units/mg; Sigma). The reaction was
stopped by placing tubes in ice, and the cells were pelleted by centrif-
ugation at 4Â°C(250 x g for 5 min). Absorbance of the supernatants at
550 nm (Asso)was then determined, and nmol of O2~ were calculated

using the extinction coefficient of reduced ferricytochrome c (21.0 x
IO3 M~' cm"1). With a 1-cm light path and a reaction mixture of 1 ml

the net i-...(,( 1,,â€žwithout Superoxide dismutase minus A^o with super-
oxide dismutase) can be multiplied by the conversion factor 47.6 to
obtain the nmol of O2~ produced, since 1 mol of O2~ reduces 1 mol of

ferricytochrome c (20).
Preparation of Peripheral Blood Monocytes and T-Lymphocytes. Pe

ripheral blood mononuclear leukocytes prepared by Ficoll-Hypaque
gradient centrifugation were incubated for l h (37Â°C)in plastic Petri

dishes as described (21). Nonadherent cells were removed and the plates
were rinsed three times with HBSS. Adherent cells (monocytes) were
then released with Versene (Gioco) and washed three times with cold
HBSS containing 2% fetal calf serum. Monocytes were 80-90% pure
both morphologically (Giemsa stain) and as assessed by nonspecific
esterase stains (22).

Nonadherent cells (lymphocytes) were filtered through a nylon wool
column to remove remaining monocytes and B-cells (23), yielding a
population of cells which was >99% lymphocytes morphologically
(Giemsa stain).

Enumeration of Phagocytic Cells. One million cells were placed in
16-mm flat-bottomed Costar wells in the presence and absence of 125
ng/ml PDBU. Fluorescent latex beads (Covalent Technology, Inc., Ann
Arbor, MI) (IO7) were added to each well (bead:cell ratio, 10:1) and the
plate was incubated for 72 h at 37Â°C.Cells were removed by vigorous

rinsing with a Pasteur pipet and centrifuged (250 x g\ 10 min) through
a 200-fil fetal calf serum cushion in 1.5-ml microfuge tubes to remove
free beads. Supernatant was aspirated, cell pellets were gently resus-
pended, and cytocentrifuge preparations were made. Two hundred cells
were evaluated for ingestion of more than 1 or more than 5 beads using
a fluorescent microscope.

Indirect Immunofluorescence and Flow Cytometry. One million
washed cells which had been previously exposed to DMSO or PDBU
(see figure legends) were resuspended in 195 M'cold (4Â°C)Dulbecco's

phosphate-buffered saline containing 0.5% bovine serum albumin
(Sigma) and 0.1 % NaN3 (wash buffer), and incubated for 30 min (4Â°C)

with 5 Â¿ilÂ°fMol or Mo2 purified monoclonal antibodies (Coulter,
Hialeah, FL) or normal mouse IgG (control). Cells were then washed
twice in wash buffer and incubated for 30 min (4Â°C)with 200 ^1 of a

1:80 dilution of fluorescent-labeled goat anti-mouse immunoglobulin
(Coulter). After two more washes, cells were fixed for 30 min (4Â°C)

with 1% formaldehyde in phosphate-buffered saline and examined on
an Ortho Model 50H flow cytometer (Ortho Diagnostics, Westwood,
MA). Photomultiplier tube gains for fluorescence were set so that >95%
of cells labeled with control normal mouse IgG appeared in the first
100 channels of a 1000-channel histogram. Cells appearing in the next
900 channels were considered positive and data were expressed as
percentage of positive cells.

Scatchard Analysis of PDBU Binding to Cells. Cells (HL-60 or HL-
60- l E3) were washed with HBSS, resuspended at 5 x 10'/ml in binding
medium (F10-RPMI containing 0.1% NaN3 and 25 mM HEPES, pH
7.4), and incubated for 20 min on ice. Cells (IO6 in 200 ÃŸi)were then
exposed to varying concentrations of [3H]PDBU (12.5 Ci/mmol; New
England Nuclear, Boston, MA), in the presence and absence of a 1000-
fold excess of unlabeled PDBU, for 90 min at 4Â°C,with gentle mixing

every 30 min. Bound PDBU was separated from free PDBU by centrif

ugation (250 x /f, 10 min) followed by resuspension in 100 n\ cold
HBSS-0.1% NaNj-25 mM HEPES (pH 7.4) and centrifugation (4 min
at 7400 x g) through a 0.75-ml cushion of l M sucrose in HBSS-NaN3-
HEPES in 1.5-ml microfuge tubes. Supernatant was aspirated and cell
pellets were solubili/ed in 100 n\ 0.1% sodium dodecyl sulfate followed
by scintillation counting in 20 ml of Budget-Solve (Research Products
International, Mount Prospect, IL). From duplicate determinations of
specifically bound radioactivity, linear Scatchard plots were constructed
(19), from which the average number of binding sites (jc-intercept) and
dissociation constant (A"d= -1/slope) were determined by linear regres

sion.

RESULTS

Initial Screening of HL-60 Clones for PDBU Responsiveness.
As reported previously, HL-60 cells become markedly cytotoxic
toward a variety of RBC targets when exposed to phorbol
diesters (7, 24). This form of extracellular cytolysis has been
characterized in some detail and appears to depend on a series
of events including production of oxidative intermediates, mi-
crofilament function, and effector-target contact which may
depend on lectin-like cell surface molecules. A substantial body
of data indicates that this form of killing is not the result of
nonspecific release of Superoxide and other oxidative interme
diates. Thus, functional maturation of HL-60 cells, differen
tiated along the monocyte-macrophage pathway by PDBU, can
be measured by this cytolytic assay.

In order to test for the possibility of functional heterogeneity
within the HL-60 cell line, we cloned the cell line by limiting
dilution, in the absence of mutagens or other known selective
pressures. We then used the cytotoxicity assay to screen the
HL-60 clones for ability to respond to phorbol diester. Using
the parent HL-60 (uncloned) line for comparison, the 13 clones
we isolated can be divided into three groups based on their
response to PDBU in the cytotoxicity test (Fig. 1). Clones 1, 5,
and 9 responded as well as the parent; clones 2, 3, 7, 11, and
12 responded minimally or not at all; and clones 4, 6, 8, 10,
and 13 had an intermediate response to PDBU.

Clone 2, designated HL-60-1E3, was chosen for further eval
uation due to its lack of functional response to PDBU in the
cytotoxicity assay. Fig. 2 shows the PDBU dose-response curve
for both the parent HL-60 line and clone 1E3. The parent HL-
60 responded maximally to 2.5 x 10~7 M. PDBU, lysing more

than 80% of the target cells (E:T = 2:1), while the clone 1E3
lysed less than 5% of targets when exposed to concentrations
of PDBU as high as 2.5 x lO'6 M.

On Giemsa-stained cytocentrifuge preparations, >98% of
HL-60-1E3 cells had promyelocyte morphology. Although par-
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Fig. 1. PDBU-triggered cytotoxicity mediated by HL-60 clones and parent
HL-60. Cells (HL-60 and clones) were cocultured with "Cr-labeled chicken RBC
in the presence of 125 ng/ml (2.5 x 10"' M) PDBU (E:T = 2:1). Supernatants

were harvested 18 h later and the percentage of target lysis was measured as
described in "Materials and Methods."
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Fig. 2. Dose-response curves for PDBU-induced cytotoxicity mediated by HL-
60 and HL-60-1E3. HL-60 and HL-60-1E3 cells were incubated with "Cr-labeled
chicken RBC in the presence of different concentrations of PDBU (E:T = 2:1).
Target lysis was measured 18 h later.

ent HL-60 cells also contained largely promyelocytes, we have
typically observed that up to 10% of cells in the uninduced
parent line were morphologically more mature than promyelo
cytes. This latter finding is in agreement with the original
observations of Collins et al. (3) and suggests that some cells
in the HL-60 line are differentiating either spontaneously or
under the influence of cytokines endogenous to the culture.

After 18 h exposure to 2.5 x IO"7 M PDBU, >50% of parent

HL-60 cells became weakly positive for nonspecific esterase,
another marker of mature mononuclear phagocytes. In contrast,
<5% of HL-60-1E3 cells became positive for nonspecific ester
ase under these conditions, again reflecting resistance to
PDBU-induced differentiation in the clone.

Plastic Adherence following PDBU Exposure. Adherence to
plastic and glass surfaces is a property which is thought to be
relatively specific for mononuclear phagocytes and is frequently
used both to analyze and prepare lymphoid and hematopoietic
cells (21). Like cells of the monocyte-macrophage lineage, HL-
60 cells exposed to PDBU are known to become adherent to
plastic surfaces (6). In order to test whether the noncytotoxic
HL-60-1E3 cell line manifests other properties of mononuclear
phagocytes, we cultured in parallel both parent HL-60 and HL-
60-1E3 for 24 h in the presence and absence of 125 ng/ml (2.5
x 10~7 M) PDBU and quantitated adherent and nonadherent

cells. Under these conditions, 92-99% of cells (in three separate
experiments) in both cell lines became adherent; whereas in the
absence of PDBU, <1% were adherent.

Phagocytosis of Latex Beads following PDBU Exposure.
Phorbol diester-stimulated HL-60 cells have been reported by
Rovera et al. (6) to express several macrophage characteristics,
including phagocytosis of latex beads. We examined phagocytic
activity in parent HL-60 and clone HL-60-1E3 and found in
preliminary experiments that maximal phagocytosis occurred
when cells were exposed to both PDBU and latex beads for 72
h. In our studies, parent HL-60 was found to be weakly phag
ocytic when compared to normal peripheral blood monocytes;

therefore we enumerated the percentage of cells ingesting either
5 or more beads or 1 or more beads (Table 1). We found that,
although PDBU exposure does induce a significant proportion
of HL-60 cells to become phagocytic, they do not obtain the
phagocytic ability of peripheral blood monocytes. As noted in
Table 1, peripheral blood monocytes are highly phagocytic,
with 96% ingesting 5 or more beads. Only a small percentage
of PDBU-stimulated HL-60 cells were capable of ingesting 5
or more beads, but approximately 32% of cells could ingest at
least 1 bead. In contrast, less than 10% of PDBU-stimulated
HL-60-1E3 cells ingested 1 or more beads, and this was signif
icantly decreased when compared to the phagocytic capacity of
parent HL-60 (P < 0.001 by two-tailed t test).

PDBU-induced Cytotoxicity following DMSO Exposure. We
have shown previously that pretreatment of HL-60 cells with
agents which induce granulocytic differentiation leads to an
increase in PDBU-triggered cytotoxic activity (24). Pretreat
ment of HL-60 cells with DMSO, retinoic acid, or 5-azacytidine

for 3 to 5 days enhances their ability to respond to PDBU, as
evidenced by a shift in the PDBU dose-response curve and the
ability of the HL-60 cells to lyse targets at lower E:T ratios. At
low E:T ratios (e.g., 1:1) both parent HL-60 and HL-60-1E3
exhibit little or no target lysis after exposure to PDBU alone
(Fig. 3). However, if either cell line is exposed to 1.25% DMSO
for 3 days (followed by washing), markedly increased PDBU-
triggered cytotoxic ability is observed. Thus, HL-60-1E3 is
capable of mediating extracellular target lysis after sequential
treatment with DMSO and PDBU. Unlike the parent HL-60
line, however, HL-60-1E3 mediates little or no cytotoxicity
after exposure to PDBU alone.

Superoxide Production following DMSO Exposure. Brief ex
posure of phagocytic cells to agents such as PMA or chemotac-
tic peptides produces an increase in oxygen consumption and
glucose C-l oxidation linked to the hexose monophosphate
shunt (25). This respiratory burst leads to the formation of
oxygen metabolites such as Superoxide aniÃ³n (O2~) and H2O2

which are thought to be involved in the killing mechanism of
neutrophils and macrophages (26, 27). HL-60 cells differen
tiated with DMSO resemble cells of the granulocytic lineage in
several ways, including the ability to produce Superoxide aniÃ³n.
We therefore examined parent HL-60 and HL-60-1E3 for the
ability to produce Superoxide aniÃ³n after exposure to DMSO
for up to 3 days (Fig. 4). Control (non-DMSO-treated) parent
HL-60 produced a small amount of O2~, possibly due to small
numbers of "spontaneously" differentiated cells in the popula

tion (3, 6). As noted above, approximately 10% of uninduced
parent HL-60 cells are morphologically more mature than
promyelocytes. In contrast, non-DMSO-treated HL-60-1E3
cells produce markedly less O2~. After a 3-day exposure to

Table 1 PDBU-induced phagocytosis of latex beads
% of cellsingesting*CellT-cells

Monocytes
HL-60
HL-60
HL-60- 1E3
HL-60- 1E35

or more
PDBU" beads96

Â±1.0
6.0 Â±0.9

+ 8.2 Â±0.9
0.3 Â±0.3

+ 0.2 Â±0.21

or more
beads97

Â±0.7
11 Â±3.0
32 Â±3.0e

2.5 Â±0.3
7.8 Â±0.6C

"Cells (10*) were incubated in the presence (+) or absence (-) of 125 ng/ml
PDBU and io" fluorescent latex beads for 72 h and evaluated for phagocytosis
as described in "Materials and Methods."

*Two hundred cells were evaluated for ingestion of 5 or more beads or 1 or

more beads. Mean Â±SE of three separate experiments.
' P < 0.001 by two-tailed t test.
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HL60-IE3
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PDBU CONCENTRATION, M/2 5

Fig. 3. DMSO enhancement of PDBU-induced cytotoxicity. Cells (HL-60
and HL-60- 1E3) were cultured for 3 days in the presence and absence of 1.25%
DMSO as described in "Materials and Methods." Cells were then washed and

cytotoxicity was measured in the presence of different concentrations of PDBU
(chicken RBC targets, E:T = 1:1).
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Fig. 4. PMA-triggered Superoxide (Or) production following exposure to
DMSO. Following a 3-day exposure to 1.25% DMSO, 2.5 X 10s cells were
stimulated with PMA (30 min, 37'C) in the presence of cytochrome c, and Or
production was measured as described in "Materials and Methods." Columns,

means of three separate experiments; bars, SE.

1.25% DMSO, both cell lines produce comparable amounts ofo2-.
Expression of Antigens Recognized by Monoclonal Antibodies

Mol and Mo2. Cells of the human mononuclear phagocyte
lineage express cell surface antigens recognized by the mono
clonal antibodies Mol and Mo2 (28). While the Mol antigen
is expressed on peripheral blood monocytes, cultured macro
phages, mature granulocytes, and null cells, the Mo2 antigen is
found only on monocytes and cultured macrophages (28). Todd
et al. (29) have shown that Mol antigen is expressed on a small

fraction (10-20%) of unstimulated HL-60 cells while Mo2 is
absent and that stimulation with PMA leads to enhanced Mol,
but not Mo2, expression.

We therefore examined Mol and Mo2 antigen expression by
parent HL-60 and HL-60-1E3 cells which had been cultured
for either 24 h in the presence and absence of PDBU or 5 days
in the presence and absence of DMSO. Washed cells were
examined for Mol and Mo2 expression using standard indirect
immunofluorescence techniques and flow cytometry (Table 2;
Fig. 5). Exposure to PDBU alone resulted in enhanced Mol
expression in both parent HL-60 (in agreement with Todd et
al.) and in HL-60-1E3 cells. However, the percentage of HL-
60-1E3 cells expressing Mol following PDBU exposure was
appreciably less (by about one-half) compared to similarly
treated parent HL-60. Culturing parent HL-60 or HL-60-1E3
in the presence of DMSO for 5 days resulted in increased Mol
expression in both cell lines. Again, the percentage of increase
in Mol-positive cells was higher for parent HL-60 cells than
for HL-60-1E3 cells. Mo2 expression was enhanced in the
DMSO-treated parent line but only marginally increased in the
similarly treated clone. Fig. 5 shows the fluorescence intensity
histograms of both cell lines following DMSO treatment. The
mean fluorescence intensity of Mo2 expression on HL-60-1E3

Table 2 Expression of cell surface Mol and Mo2 antigens in the presence of
DMSO and PDBU

CultureconditionsCellHL-60HL-60-

1E3MonoclonalantibodyMolMo2MolMo2Medium"1Â»136102963330035DMSO(5

days)Â«1743750124119125344511810PDBU(Idayf135116123801803661180

* Cells cultured in medium alone, 1.25% DMSO (5 days), or 125 ng/ml PDBU
(18-24 h) prior to washing and analysis of surface antigen expression.

hThree separate experiments. Data represent percentage of cells positive for a

given antigen, assayed by indirect immunofluorescence (flow cytometry) as de
scribed in "Materials and Methods." Controls (normal mouse IgG) were gated

such that <5% of cells were positive.

Control Mo2
200 n

K
bJ
OD
2

HL60
(DMSO)

B

HL60
(DMSO)

200-

kJ
U

HL60-IEÃ•

(DMSO)

HL60-IE3
(DMSO)

2468 10 2468 10
FLUORESCENCE INTENSITY x IO'2

Fig. 5. Flow cytometry analysis of DMSO-induced expression of Mo2 antigen.
HL-60 and HL-60-1E3 cells were cultured in the presence of 1.25% DMSO for
5 days. Washed cells were then stained by standard indirect immunofluorescence
techniques as described in "Materials and Methods" and analyzed by flow

cytometry on linear scale. In this experiment, when normal mouse IgG controls
were gated such that <5% of cells were positive, 51% of HL-60 and 10% of HL-
60-1E3 cells were positive for fluorescence (mean fluorescence, 492 units versus
221 units, respectively).
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was 45% of the mean fluorescence intensity of the HL-60 parent
line, reflecting decreased Mo2 antigen numbers per cell, as well
as a smaller percentage of positive cells.

Scatchard Analysis of Binding of PDBU to Parent HL-60 and
HL-60-1E3 Clone. Data thus far presented in this report have
shown that the HL-60-1E3 clone is resistant to several PDE-
induced biological activities. One possible explanation for these
findings is that HL-60-1E3 cells bear decreased numbers of
PDE receptors. In order to examine this possibility, we enu
merated PDE receptors on both cell lines using standard Scat-
chard analysis (19). The results (Table 3) indicate no significant
difference (P > 0.05 by two-tailed t test) in either receptor
number or dissociation constant (K,,) in these cell populations.
Data generated in our laboratory for parent HL-60 are in
agreement with previously reported Scatchard analyses re
ported by other investigators (30, 31).

DISCUSSION

Dissection of cell biological and biochemical processes is
aided by studies of mutant or variant cells and cell lines with
discrete defects in the process of interest. In this regard, several
HL-60 cell lines have been reported which are resistant to
differentiation-active agents such as phorbol diesters and di
methyl sulfoxide (14-17). These cell lines have been produced
by exposing cells either to mutagens or to increasing concentra
tions of the differentiation agent to which they become resistant.
The phorbol diester-resistant HL-60 cell line (HL-60-1E3),
which represents the subject of this report, was obtained not by
exposure to mutagens or selective pressures but simply by
cloning the parent HL-60 cell line. Both parent HL-60 and HL-
60-1E3 are morphologically similar on Giemsa-stained prepa
rations, the great majority of cells being morphologically pro-
myelocytes. HL-60-1E3 cells are markedly defective with re
spect to their ability to lyse RBC targets (Figs. 1 and 2) or
ingest latex particles after exposure to PDBU (Table 1). In
addition, in contrast to the parent HL-60 line which becomes
nonspecific esterase-positive after exposure to phorbol diester,
HL-60-1E3 cells do not become positive for this marker of
mature mononuclear phagocytes, thus again suggesting resist
ance of the clone to differentiation along that pathway. How
ever, we detected no difference in adherence properties of the
two cell lines after exposure to PDBU. Of further interest, if
HL-60-1E3 cells are previously exposed to DMSO, they be
come partially responsive to phorbol diester, with respect to
production of Superoxide aniÃ³n (Fig. 4), extracellular lysis of
target cells (Fig. 3), and nonspecific esterase positivity (data
not shown). We have demonstrated previously that the parent
HL-60 cell line develops markedly enhanced phorbol diester-
triggered cytolytic activity if previously exposed to DMSO,
retinoic acid, or 5-azacytidine (24). The HL-60-1E3 cell line
has been maintained in our laboratory for more than 18 months
with stable PDE-resistant phenotype.

In addition to the differences described above, HL-60-1E3
manifests significant differences in expression of the mononu
clear phagocyte-associated cell surface antigens recognized by

Table 3 Scatchard analysis of PDBU binding to HL-60 and HL-60-1EÃŒcells

CelllineHL-60

HL-60- 1E3Av.

no. of
sites (xlO5)/
cell*1.79

Â±0.31*
2.45 Â±0.29*Ka

(I1M)48

Â±r92
Â±25'

" Mean Â±SD of three separate experiments.
* P > 0.05 by two-tailed t test.
' P > 0.05 by two-tailed t test.

the monoclonal antibodies Mol and Mo2. Thus, although both
parent HL-60 and HL-60-1E3 expressed the Mol antigen after
exposure to PDBU, the level of Mol was markedly reduced (by
about one-half) in HL-60-1E3. Culturing either cell line in the
presence of DMSO resulted in enhanced Mol expression,
although the degree of enhancement of Mol expression was
again appreciably reduced in HL-60-1E3 cells. Mo2 expression
was strong in DMSO-treated parent HL-60 cells while it was
minimal in DMSO-treated HL-60-1E3 cells. Although there
are a variety of possible explanations for these findings, they
are consistent with the suggestion by Todd et al. (28) that the
expression of Mo2 appears later than the expression of Mol in
the course of differentiation of mononuclear phagocytes. These
authors have also suggested that phorbol diester-treated HL-60
cells are not fully differentiated since they express Mol but not
Mo2. In any case, with respect to the Mol and Mo2 antigens,
it is clear from our studies that the HL-60-1E3 line is resistant
to differentiation activity exerted by both PDBU and DMSO
when compared to the parent cell line.

To our knowledge, previously reported resistant HL-60 cell
lines have not been examined for cytolytic effector activity, and
few other immune function studies have been done. Huberman
et al. (15, 17) have reported a series of differentiation-resistant
HL-60 cell lines generated by culturing HL-60 in the presence
of PMA. For example, the R94 cell line (17) exhibits markedly
reduced OKM1 reactivity, nonspecific esterase expression, and
adherence in the presence of PMA (the latter finding in contrast
to our HL-60-1E3 line), and the R55 cell line exhibits markedly
diminished growth inhibition, morphological maturation, and
lysozyme production (15). Perrella et al. (16) developed another
phorbol diester-resistant HL-60 cell line (R1B6) in an analo
gous fashion and reported that these cells exhibited diminished
myelomonocytic markers, adherence, and phorbol diester re
ceptors (in contrast to HL-60-1E3) in the presence of phorbol
diester. In addition, R1B6 was found to revert to wild-type
phenotype when phorbol diester was removed from the culture.

Although the differentiation-resistant HL-60-1E3 cell line
was produced by cloning the parent HL-60 line in the absence
of mutagens or selective pressures, it is nevertheless possible
that this clone represents a spontaneous mutation in a subpop-
ulation of cells in the original HL-60 cell line. Alternatively,
the HL-60-1E3 clone may represent a subpopulation of cells
which existed in the parent HL-60 line since its inception. It is
likely, however, that this cell line, like a large number of other
cell lines, has drifted genetically and phenotypically in the
decade since its original description. Cytogenetic studies have
shown that HL-60-1E3 cells express the same abnormalities
described for parent HL-60, except that HL-60-1E3 lacks dou
ble minutes. These studies, in addition to other studies of
oncogene expression, have been described in detail elsewhere.6

The mechanism of altered PDE responsiveness observed in
the HL-60-1E3 cell line is currently unknown but under active
investigation. As an initial study, we have examined the possi
bility that HL-60-1E3 may bear either decreased numbers of
PDE receptors or receptors with decreased PDE affinity. Scat
chard analysis of both cell lines (Table 3), however, has indi
cated no difference in either average receptor number/cell or
dissociation constant (KÂ¿).Although these data indicate that
no major alteration in receptor number or KAexists, they do
not rule out other changes in PDE receptor function. For
example, since cellular protein kinase C is now known to be a
PDE receptor (32, 33), it may be that enzymatic activity,

' C. M. Ely, J. A. Leftwich, G. Chenevix-Trench, R. E. Hall, and E. H. Westin.
Evidence that sustained c-myc down-regulation is necessary for macrophage-like
terminal differentiation in HL-60 cells, submitted for publication.
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translocation, or other activities related to extracellular-intra-
cellular signal transduction are altered in HL-60-1E3. In addi
tion, a variety of other mechanisms unrelated to PDE receptor
and protein kinase C remain under consideration.

The HL-60-1E3 cell line should be useful for further studies
designed to examine the expression of cell functions during
maturation. For example, it is of interest that treatment of this
cell line with PDBU produces adherent cells which are defective
with respect to their ability to phagocytose particles or kill
extracellular targets. In addition, defective PDBU-induced cy-
tolytic activity is at least partially reversed if HL-60-1E3 is
previously exposed to DMSO. The ability to induce related cell
functions and properties differentially (e.g., adherence versus
phagocytosis) may allow further dissection of the cellular mech
anisms involved in the expression and control of these func
tions. Furthermore, this cell line has already proven to be
extremely useful in both the study of cytokines which mimic
the differentiation effects of DMSO and retinoic acid7 and in

the study of oncogene expression during cellular differentia
tion.6

In conclusion, this report presents the initial characterization
of a new cloned variant HL-60 cell line which is markedly
defective with respect to its responses to phorbol diesters. This
cell line (HL-60-1E3) exhibits markedly decreased phorbol
diester-induced extracellular cytolytic activity, phagocytic activ
ity, nonspecific esterase expression, and Mol expression. The
cells develop partial phorbol diester responsiveness when pre
viously exposed to DMSO, in terms of Superoxide production
and cytotoxic activity. In addition, in contrast to the parent
HL-60 cell line, HL-60-1E3 expresses markedly less Mol and
Mo2 antigens when stimulated with DMSO. This cell line
should prove to be useful in further studies of differentiation of
both normal and leukemic hematopoietic cells.
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