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ABSTRACT
HL-60 cells treated with phorbol dibutyrate (PDBu) differentiate into

cells which functionally and morphologically resemble macrophages (G.
Hovera, D. Santoli, and D. Damskey, Proc. Nati. Acad. Sci. USA, 75:
2779-2783,1979; E. Huberman and M. F. Callahan, Proc. Nati. Acad.
Sci. USA, 76:1293-1298,1979). This differentiation involves modulation
of the expression of several cellular oncogenes. However, the significance
of the temporal relationships between differentiation events and specific
oncogene expression are not known. Others have reported that transcrip-
tional down regulation of c-myc occurs early in the differentiation of HL-
60 cells (R. D. Dalia-Pavera et al., Haematol. Blood Transfusion, 28:
247-253, 1983; L. E. Grosso and H. C. Pilot, Biochem. Biophys. Res.
Commun., 119: 473-480, 1984). To determine the significance of the
regulation of c-myc during HL-60 maturation, we performed parallel
PDBu induction studies analyzing the kinetics of expression of c-myc,
cell cycle frequency distribution, cytotoxic effector activity, and clono-
genic potential in HL-60 cells and in a partial-differentiation resistant
HL-60 clone (HL-60-1E3) (J. A. Leftwich, P. Carlson, B. Adelman, and
R. E. Hall, Cancer Res., 47:1319-1324, 1987). We report that PDBu
stimulation results in early c-myc transcriptional down regulation in the
HL-60-1E3 clone cells with the same kinetics as has been previously
reported for HL-60 parental cells (R. D. Dalia-Pavera et al.. Haematol.
Blood Transfusion, 28: 247-253, 1983; L. E. Grosso and H. C. Pitot,
Biochem. Biophys. Res. Commun., 119: 473-480, 1984). However,
reexpression of c-myc occurs 15 hours postinduction in III.-60-113 but
not parental cells. This reexpression is maintained through 30 h of
stimulation and correlates with a lack of terminal commitment as assessed
by an increase in clonogenic potential and the inability of these cells to
acquire cytotoxic function. Sequential stimulation of HL-60-1E3 cells
with DMSO and PDBu overcomes the block in macrophage differentia
tion (J. A. Leftwich, P. Carlson, B. Adelman, and R. E. Hall, Cancer
Res., 47; 1319-1324, 1987). Such treatment results in a transient
reexpression of c-myc at 15 h after PDBu treatment, and the complete
downregulation of c-myc 24 h postinduction. These data suggest that the
reported early decrease in c-myc transcripts following PDBu stimulus in
HL-60 cells is not sufficient to commit these cells to macrophage-like
terminal differentiation. Late regulation of c-myc gene expression may
be an important additional component of the regulatory mechanisms
which allow HL-60 cells to complete this program.

INTRODUCTION

There is growing evidence to suggest that cellular oncogenes
encode products necessary for the control of normal cell growth
and differentiation ( 1). c-myc, the cellular homologue of the
transforming gene of avian myelocytomatosis virus (2) belongs
to the functional class of c-onc genes encoding nuclear localized
DNA binding proteins (3). It has been suggested, based on the
findings of Pardee (4) and Pledger et al. (5) coupled with those
of Kelly et al. (6) that the protein product of the c-myc gene
may serve as an intracellular competence factor in cell division.
Studies have, in addition, demonstrated that the growth require
ment for platelet-derived growth factor is overcome when c-
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myc is driven by a mouse mammary tumor virus promoter in
BALBC/3T3 cells (7) and when purified c-myc protein is in
jected into the nuclei of Swiss 3T3 cells (8) lending additional
support for the role of c-myc as a competence factor.

Regulation of c-myc expression has also been linked to dif

ferentiation in some tumor cell lines which can be induced to
differentiate in vitro. The HL-60 human promyelocytic leuke
mia cell line has been shown to have a 16- to 32-fold amplifi
cation of the c-myc gene (9). Morphologically these cells resem

ble promyelocytes committed to the myeloid/granulocyte lin
eage (10). Lineage specificity for in vitro differentiation is
determined by the inducing agent which is used (11, 12). For
example, incubation of these cells in PDBu3 under appropriate

culture conditions results in receptor mediated differentiation
to macrophage-like cells in 95% of the population (11, 13).
This maturation results in early down regulation of c-myc gene
transcription, arrest of cells in the Go/Gi phase of the cell cycle,
acquisition of strong adherent properties, and development of
cytotoxic and phagocytic capabilities (11, 13, 14). Dimethyl
sulfoxide treatment results in similar cell cycle changes and
early down regulation of c-myc, but instead differentiates these
cells into functionally and morphologically mature granulocytes
(12). The role of the observed decrease in c-myc transcripts 4-
6 hours postinduction by either inducing agent is not known.
It is possible that it is a necessary event for terminal differen
tiation, proliferative control, or both.

HL-60-1E3 is a subclone of HL-60 which is partially resistant
to differentiation down the monocyte and granulocyte pathway.
The derivation and initial characterization of this clone has
been described in detail (15). Briefly, HL-60-1E3 cells are
unable to acquire terminally differentiated features such as
phagocytic and cytotoxic activity following PDBu stimulation,
but express a partial differentiation phenotype including adher
ence, weak esterase staining, and a decrease in the proportion
of cells traversing the cell cycle. However, pretreatment of HL-
60-1E3 cells with DMSO followed by treatment with PDBu,
does result in complete maturation to macrophage-like cells as
assessed by functional assays. Thus, it appears that the mono
cyte differentiation program is present in HL-60-1E3 cells, but
is regulated differently than in parental cells stimulated with
PDBu alone.

In order to elucidate further the mechanisms which direct
proliferation and maturation of HL-60 cells as they pertain to
c-myc, we have examined c-myc expression during monocyte
differentiation of HL-60-1E3 cells concurrent with assessment
of functional characteristics. The state of differentiation was
determined by cytotoxicity. Proliferation was assessed by cell
cycle analysis using flow cytometry, and terminal commitment
by cloning efficiencies in soft agar. Our data suggests that
control mechanisms regulating c-myc mRNA levels extend
beyond the previously reported early down regulation during
HL-60 differentiation. Expression and suppression at appro-

3The abbreviations used are: PDBu, phorbol dibutyrate; DMSO, dimethyl

sulfoxide; SDS, sodium dodecyl sulfate: SSC, standard saline citrate (0.15 M
sodium chloride: 0.015 M sodium citrate, pH 7.4).
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priate times during maturation may be necessary for differen
tiation and terminal commitment.

MATERIALS AND METHODS

Cell Culture. HI. 60 cells were maintained in KI'M I 1640 media
supplemented with 10% fetal calf serum at 37"C in a moist atmosphere

of5%CO2.
Cytotoxicity Assays. Assays were performed according to the method

of Hall et al. (16). One hundred thousand cells were seeded with 5 x
IO4 'Vr labeled CRBC targets into round-bottom Linbro microtiter

wells. Phorbol-12,13-dibutyrate (PDBu) (Sigma) was added at a con
centration of 2.5 x IO M, diluted in Dulbecco's phosphate buffered

saline. The final volume of media in each well was 200 n\. Assays were
performed in triplicate and incubated for 0.5, 5, 15, 24, and 30 h at 37
*C in a humidified atmosphere of 5% CO... Plates were then centrifuged
at 250 g for 10 min and 150 n\ of supernatant assayed for MCr release
by counting ina-, counter. Results are expressed as the mean percentage
of maximum 5lCr release, where the value for maximum release is
obtained by treatment of labeled cells with 1% Triton X-100 in 0.87%

ammonium chloride.
Isolation of Genomic DNA. III,-60 and 111 60 11-3 cells (1 x 10')

were lysed and incubated in 0.15 M NaCl, 0.015 M sodium citrate, 1%
SDS, and proteinase K (200 Mg/ml) at 37'C for 24 h. DNA was then

purified by phenol/chloroform extraction, followed by ethanol precip
itation.

Southern Blot and DNA Dot Blot Analysis. For the determination of
copy number of the c-myc gene, 4 ^g of DNA from each cell population
was denatured in a solution containing 0.5 M NaOH and 1.5 M NaCl
for 20 min at 85*C. This was followed immediately by plunging the

samples in an ice bath and neutralizing in 1 M Tris, 1.5 M NaCl, pH
8.0, for 2 min. Serial 2-fold dilutions were made in 10X SSC and then
blotted onto nitrocellulose paper using a filtration manifold apparatus
(17). The c-myc probe used in these experiments was the Cla l-Â£coRI
1.58-kilobase fragment isolated from the plasm id pMC413RC (2). This
probe was nick translated by the method of Ribgy et ai. (18). Filters
were hybridized to nick-translated probes for 18-24 h at 37*C in 50

mM Tris, pH 7.5, 3X SSC, 1 mM EDTA, yeast tRNA (250 /ig/ml), 5X
Denhardt's (0.1% bovine serum albumin, 0.1% Ficoll, 0.1% polyvinyl

pyrollidine), 1% SDS, 50% tor mum ide. and 10% dextran sulfate. Filters
were washed five times at 37'C in 2X SSC and 0.2% SDS followed by
two 30-min washes in 0.5X SSC and 0.2% SDS at 60'C and then

subjected to autoradiography. To analyze the structure of the c-myc
gene, 10 //g of genomic DNA from each cell population was digested
to completion with either HumUl. Him/Hi. EcoRl, or .S\il. Digested
DNA was electrophoresed on 0.8% agarose gels and transferred to
nitrocellulose by the method of Southern (19). These filters were
hybridized to the nick-translated probe pMC413RC using hybridization
conditions described above. Band sizes were determined by comparison
to markers of X phage DNA digested with Hindlll.

Northern Blot Analysis. RNA was isolated from PDBu- or DMSO-
stimulated cells by the procedure of Chirgwin et al. (20). Cells were
harvested, washed in phosphate buffered saline, and lysed in 4 M
guanidine isothiocyanate. RNA was separated by ultracentrifugation
through a 5.7 M cesium chloride cushion at 41000 rpm for 16-20 h at
20'C using a Ti70 rotor. RNA pellets were then washed with ethanol,

redissolved in 0.3 M sodium acetate, pH 5.0, and reprecipitated with
ethanol. RNA was recovered by centrifugation at 24000 x g for 20 min
at 4*C and pellets were resuspended in water.

Ten Â¿igof RNA was denatured in 0.02 M 3-(W-morpho-
lino)propanesulfonic acid, pH 7.0, 0.005 M NaAc, ImM EDTA, 50%
formamide, separated on a 6.6% formaldehyde gel and transferred to
nitrocellulose by the method of Thomas (17). Filters were hybridized
to nick-translated probes pMC413RC (c-myc) (7), pSM7C (v-fms)
containing a \-fms 0.4-kilobase/wfI fragment (21), and Mush 4 (histone
4) containing a 1.8-Kb EcoRl-Bamltt insert (22). Hybridizations were
performed in 50 mM sodium phosphate, pH 6.5, 5X Denhardt's, 5X

SSC, 0.1% SDS, yeast RNA (250 /ig/ml), 50% formamide, and 10%
dextran sulfate. Filters were washed five times at 37*C in 2X SSC and

0.2% SDS followed by two 30-min washes in 0.5X SSC and 0.2% SDS

at 60"C' before autoradiography. Sizes of mRNA species were estimated

by comparison to the 18 S and 28 S rRNA markers, as well as to
marker fragments of Xphage DNA digested with IIind\\\.

Soft Agar Cloning. Cells from both populations were washed free of
PDBu or DMSO with phosphate buffered saline. These cells were
resuspended in RPMI 1640, 10% fetal calf serum, and 0.35% bacto
Difco agar. Suspensions were plated in 60-mm tissue culture plates at
cell concentrations of 1 x IO5cells and 1 x IO4 cells/ 7 ml per plate.
Plates were incubated at 37Â°Cin a humidified atmosphere of 5% CO2.

Seven to 10 days later colonies were counted.
Analysis of Cell Cycle. Cells (1 x 10") were pelleted at 1000 x g for

5 min and the supernatant removed. Pellets were resuspended in 1.5
ml of phosphate buffered saline (("a" and Mg" free) followed by

addition of 3 ml of 100% ethanol. Cells were fixed in this 67% ethanol
solution for l h on ice and then pelleted at 1000 x g for 5 min and the
supernatant removed. One ml of propidium iodide stain containing 3.8
x 10 ' Msodium citrate, RNase(A) (0.5 mg/ml), and propidium iodide

(0.01 mg/ml) was added to each pellet and incubated for 3 h on ice.
Cells were pelleted at 1000 x g for 5 min, decanted, and the cell
concentration adjusted to 1 x IO6cells/ml in phosphate buffered saline.

The percentage of cells in Go/Gi, S, and G2/M phases of the cell cycle
was determined by analyzing DNA content using flow cytometric
methods on an Ortho cytofluorograph (23).

RESULTS

Development of Cytotoxicity in II I.-6(1and 111.-60-113 Cells
with PDBu Stimulus. Cytotoxic effector activity as a measure
of functional maturity was determined by inducing HL-60-1E3
and parental cells with PDBu and testing for the ability of these
cells to lyse "Cr CRBCs (Fig. 1). Assays were performed at the
time points indicated, with the effector-to-target cell ratio main
tained at 2:1 throughout the protocol. At 30 min post-PDBu
induction, neither HI, 60 cells nor HL-60-1E3 cells exhibit
cytotoxic capability. However, at 15 h poststimulation, parental
cells display a marked increase in killing efficiency (54% of
maximal lysis), whereas HL-60-1E3 cells do not acquire killing
capacity at this time point (less than 5% maximal lysis). At 30
h post-PDBu induction the killing efficiency of the HL-60
parental cells is maintained, while the HL-60-1E3 cells fail to
acquire Cytotoxicity. Viability as assessed by trypan blue dye
exclusion exceeds 80% through 30 h stimulation in both paren
tal and resistant populations. Therefore, it is unlikely that the

HL-60 1E3 HL-60 1E3
.5 hrs 5 hrs

Fig. 1. Development of Cytotoxicity in HL-60 and HL-60-1E3 cells with PDBu
stimulus. Results are expressed as the mean percentage of maximum 9lCr release,

where the value for maximum release is obtained by treatment of labeled cells
with 1% Triton X-100 in 0.87% ammonium chloride. The time of exposure to
PDBu is shown along the X axis.

4596

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/17/4595/2428271/cr0470174595.pdf by guest on 19 M

ay 2023



ALTERED REGULATION OF c-myc IN HL-60-1 E3

killing function expressed by parental cells is due to the release
of toxic substances resulting from cell death.

c-myc Transcription during Differentiation of HL-60 and HL-
60-1 E3. To compare the level and kinetics of transcription of
c-myc during macrophage-like differentiation in parental cells
to that in HL-60-1E3 cells, each was induced to differentiate
with PDBu. RNA was extracted at various time points which
corresponded to the cytotoxicity assays shown in Fig. 1. Equal
amounts of RNA were transferred to nitrocellulose paper and
hybridized to pMC413RC, containing 3' c-myc specific se

quences (18) as well as to two other nick-translated probes, one
specific for histone H4 (22) and the other specific for the
oncogene c-fms (21). c-fms has been shown to be closely related
to the CSF-1 receptor (24). Macrophage specific transcription
of this gene in HL-60 cells following PDBu stimulation has
been reported (25). The results in Fig. 2 show that unstimulated
proliferating HL-60-1 E3 cells (t = 0, right lane) contains ap
proximately a 2-fold lower basal level of c-myc expression than
unstimulated proliferating parental cells (t = 0, left lane). At 5
h postinduction, the level of c-myc transcripts decreased in HL-
60-1E3 cells (t = 5, right lane) as has been previously reported
for HL-60 parental cells (9, 14). However, at 15 h postinduc-
tion, reexpression of c-myc occurs in the resistant clone return
ing to the level of expression in unstimulated proliferating cells
(/ = 15, right lane) while expression remains low in the parental
cells (t = 15, left lane). Levels of transcripts of c-myc in HL-
60-1E3 cells declines at 24 and 30 h, but remains at a higher
level than in parental cells at these time points. This increased
c-myc expression in the resistant clone cells at late time points
is associated with an inability to acquire mature macrophage
functions as assessed by the killing assay shown in Fig. 1.
Hybridization of the same RNA to the nick-translated histone
probe shows that histone expression is down regulated in pa
rental cells at 15 h postinduction (t = 15, left lane) while it
continues to be expressed at the same level in the HL-60-1E3
clone cells (f = 15, right lane). Thus, at late time points (15,
24, and 30 h post-PDBu) c-myc expression parallels histone
expression. This finding suggests that DNA synthesis is main
tained in the HL-60-1E3 clone but not parental HL-60 cells at
these time points, and supports the view that the c-myc protein

PDBu EXPOSURE (hours)

0 .5 5 15 24 30

c-myc -

histone-Â« â€¢ . .

- 2.4 Kb

-.3 Kb

c-fms- Kb

0 .5 5 24
Fig. 2. Northern blot analysis of c-myc expression in HL-60 and HL-60-1E3

cells following PDBu stimulation. The probes used in this assay were pMC413RC
(c-myc) (18), pSM7C (c-fms) (22). and Mush 4 (histone 4) (23). At each time
point HL-60 RNA appears in the left lane. HL-60-1E3 RNA appears in the right
lane.

acts as an intracellular competence factor in cell division (4-6).
C-fms is not expressed in uninduced HL-60 cells. Increased

transcription of this gene occurs with identical kinetics and
level of expression at 5 h post-PDBu treatment in both cell
populations. This expression continues through 24 h. In the
present study, expression occurs earlier than has been previ
ously reported in HL-60 cells (25). Differences could be ac
counted for by stimulation conditions and/or passage number
of HL-60 cells used in our assays (always less than passage 30).

Differences in transcriptional control of this gene in parental
and resistant clone cells could evolve through multiple mecha
nisms, one of which could be rearrangements of the c-myc locus
involving critical regulatory sequences. Therefore, the structure
of the c-myc gene was compared in HL-60 and HL-60-1 E3

cells.
Examination of Copy Number and Structural Arrangement of

the c-myc Gene. In order to detect differences which might
occur at the gene level, we compared the copy number and
structure of the c-myc gene in parental and resistant cell popu
lations (Fig. 3). Relative copy number of the c-myc gene was
determined by dot blot analysis. Genomic DNA was isolated
from HL-60 and HL-60-1E3 clone cells. Equal quantities were
serially diluted and dot blotted onto nitrocellulose paper. This
DNA was then hybridized to the nick-translated probe
pMC423RC (18). The results in Fig. 3A show that there is a 2-
fold lower copy number of c-myc in HL-60-1E3 DNA when
compared with parental DNA, corresponding to the 2-fold
lower basal level of RNA in unstimulated cells. Hybridization
of these same blots with a c-fos specific probe served as a DNA
loading control, and demonstrated the presence of an equal
copy number of this particular gene in HL-60 and HL-60-1E3
DNA samples (data not shown). Examination of gene structure
using restriction enzyme digestion demonstrated no rearrange
ments of the c-myc gene in either HL-60-1E3 or parental cells
when compared to the published restriction map of the c-myc

locus (Fig. 3B) (2).
Cell Cycle Analysis and Soft Agar Cloning Efficiencies. The

concomitant increase in c-myc and histone expression at late
time points may be due to an increase in the number of cells
dividing. Therefore, temporal relationships between c-myc
expression and changes in cell cycle distribution were assessed
by analyzing DNA content using flow cytometry on an Ortho
cytofluorograph. Samples were prepared by fixing cells in 67%
ethanol followed by staining with propidium iodide for analysis.
Cell cycle profiles at selected time points are shown in Fib. 4B.
The majority of parental cells (80- 90%) have exited from the
cell cycle by 24 h post-PDBu induction (graph b). At this time
point, parental cells exhibit 80% cytotoxicity and clone cells
show less than 5% cytotoxicity (Fig. 1). In contrast, at the same
time point, the proportion of HL-60-1E3 cells traversing the
cell cycle have decreased, but not to the same extent as in
parental cells (Fig. 4Ã„,graph d). Therefore, at the late time
points, a relative increase in the percentage of cells in S-phase
correlates with increased c-myc and histone expression in the
resistant clone cells.

To further investigate this phenomena, reproliferative poten
tial of HL-60 parental and HL-60-1E3 cells was assessed fol
lowing PDBu stimulation. At 24 h poststimulation, cells were
washed in serum free medium, resuspended in RPMI 1640
containing 10% fetal calf serum and incubated at 37Â°Cfor an

additional 24 h. After this period the cells were fixed and treated
for analysis of DNA content by flow cytometry as described
above. Results in Fig. 4B, graph e, show that HL-60-1E3 cells
resume cycling, whereas parental cells do not (data not shown
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Fig. 3. Copy number and structural analy
sis of the c-myc gene. A, copy number of c-myc
in HL-60 and HL-60-1E3 cells; B, structural
analysis of the c-myc gene in clone and paren
tal cells. The c-myc probe specific for exon 3
used in these assays was pMC413RC (18).
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Fig. 4. A, soft agar cloning efficiencies of HL-60 and HL-60-1E3 cells follow
ing PDBu Stimulation. The numbers shown are the average of duplicate plates in
a representative experiment; B, cell cycle analysis based on DNA content of HL-
60 and HL-60-1E3 cells following PDBu stimulation: graph a, profile of unstim-
ulated HL-60 parental cells; graph b, parental cells 24 h post-PDBu induction;
graph c, HL-60-1 E3 cells unstimulated; graph d, HL-60-1 E3 cells 24 h post-
PDBu induction; graph e, HL-60-1E3 cells resuspended and cultured in fresh
medium for an additional 24 h following the 24 h PDBu treatment. Ordinate,
cell number; abscissa, fluorescent intensity. Region 2, cells in the G0/GÂ¡phase of
the cell cycle; region 3, cells in the S-phase; region 4, cells in the ( ;.â€¢M phase of
the cell cycle.

because of extensive cell death). This reproliferative potential
in HL-60-1 E3 cells suggests a lack of terminal commitment.
Additional support for this finding comes from studies in which
soft agar cloning efficiencies were examined at both early and
late time points following treatment with PDBu (Fig. 4A). Equal
numbers of cells were washed free of PDBu and plated at each
time point in 0.35% agar with appropriate supplements and

culture conditions. Results show that by 5 h following exposure
to PDBu HL-60-1E3 cells but not parental cells have increased
their ability to form colonies in soft agar by approximately 2-
fold. At 24 h, HL-60 parental cells lose the ability to form
colonies, whereas HL-60-1E3 cells continue to form colonies
through 30 h postinduction with the same efficiency as unstim
ulated populations. At 48 h, no colonies developed in parental
or resistant clone cells. This result at 48 h is probably due to
direct PDBu toxicity as there was greater than 50% cell death
in both populations.

c-myc Expression in Terminally Differentiated HL-60-1E3
Cells. To gain further insight into the significance of c-myc
reexpression at late differentiation time points in HL-60-1E3,
c-myc expression was examined during sequential DMSO and

PDBu treatment. Furthermore, since these agents complement
each other to stimulate the complete maturation of HL-60-1E3
cells (15), expression during the DMSO-induced granulocyte
pathway was determined as well. The results of this experiment
are shown in Fig. 5. Parental and resistant clone cells were
stimulated with 1.25% DMSO alone, or with 1.25% DMSO
for 3 days followed by 2.5 x IO"7 M PDBu for 24 h. RNA was

extracted at specific time points indicated in Fig. 5. Northern
blots of this RNA hybridized with pMC413RC, reveal that
DMSO treatment alone results in the early and sustained down
regulation of expression of c-myc over the course of 6 days.
Washout of DMSO at 3 days followed by treatment with PDBu,
results in the transient reexpression of c-myc at 15 h post-

H1H1H1H1H1H1

c-myc Â»- *-

0 5
kâ€”hours â€”' Â»â€”days-

15 24
*â€”hoursâ€”J

DMSO PDBu

Fig. 5. Northern blot analysis of c-myc expression in HL-60 and HL-60-1E3
cells following DMSO and DMSO + PDBu treatment. H, HL-60; /, HL-60-
1E3. The c-myc specific probe used in this experiment was pMC413RC (18).
Cells were treated with 1.25% DMSO for 6 days, or 1.25% DMSO for 3 days
followed by 2.5 X 10~7M PDBu for an additional 24 h. RNA was extracted and

blotted at the time points indicated.
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PDBu induction in both parental and resistant cells. However,
reexpression is much greater in HL-60-1E3 cells. At the 24-h
time point in the doubly treated cells, equivalent down regula
tion of c-myc occurs in parental and differentiation-resistant
cells. This result differed markedly from those with PDBu
stimulation alone, which showed maintenance of c-myc
reexpression 24 h after PDBu treatment in HL-60-1E3 but not
parental cells. Furthermore, both cell populations, when doubly
treated, withdraw from the cell cycle and lose the potential to
grow in soft agar (data not shown).

DISCUSSION

It was not previously known whether the reported early c-
myc transcriptional down regulation in maturing HL-60 cells

was necessary or sufficient for these cells to undergo terminal
differentiation. To approach this question, we have analyzed
expression of this gene in a clone of HL-60 cells which is
blocked in its ability to terminally differentiate in response to
PDBu. The present results demonstrate altered expression of
the c-myc gene in the differentiation-resistant HL-60-1E3 clone
when compared to parental cells under identical conditions of
PDBu stimulation, c-myc down regulation in HL-60-1E3 cells
4-6 h postinduction occurs at the same time and to the same
extent in parental cells. Altered expression is not observed until
late time points, where reexpression of c-myc is associated with
the inability to differentiate as assessed by cytotoxic effector
activity, phagocytosis, esterase staining, clonogenic potential,
and cell cycle distribution. It is interesting that adherent prop
erties begin to develop with the same kinetics in parental and
in HL-60-1E3 cells (at about 6 h post-PDBu induction) (9. 14.
15). This indicates partial differentiation of HL-60-1E3 cells in
response to PDBu. Our findings suggest that early c-myc tran
scriptional down regulation is not sufficient to terminally com
mit HL-60 cells to macrophage differentiation. Additional reg
ulation of this gene may be part of the mechanism which allows
terminal differentiation events to occur. Other evidence that
monocyte differentiation can be blocked by aberrant myc
expression has been presented by Palmieri et al. (26). These
studies examined a \-myc temperature sensitive mutant of the
MH2 retrovirus which contains the myc and raf oncogenes.
This virus allows monocyte differentiation, but not fibroblast
differentiation of the 3-week-old chicken bone marrow cells
when grown at nonpermissive temperatures. Monocyte differ
entiation is blocked at permissive temperatures, when the v-
myc gene is expressed. The present study raises the question of
whether there exists multiple regulatory events associated with
changes in c-myc transcription during terminal macrophage-
like differentiation of HL-60 cells. This phenomena has been
observed during the differentiation of mouse erythroleukemia
cells (MEL cells) (27). Northern blot analysis has shown that
MEL cells exhibit biphasic c-myc expression during DMSO-
induced differentiation. HL-60 cells, unlike MEL cells, do not
reexpress c-myc at late time points in a cell cycle specific
manner following PDBu induction. However, this does not rule
out the possibility that there exists other critical points of
regulation associated with expression of this gene subsequent
to the previously reported early down regulation. HL-60-1E3
demonstrates the potential for additional steps in regulation of
c-myc since this clone resists terminal but not early PDBu
induced macrophage-like differentiation, and does not maintain
the demonstrated early transcriptional down regulation of c-
myc. In addition, experiments in which the HL-60-1E3 block
in macrophage differentiation is overcome by pretreatment with

DMSO for 3 days followed by PDBu stimulation (15). result in
transient reexpression followed by complete suppression of c-
myc late in differentiation. Therefore, the development of ma
ture features in HL-60-1E3 cells with dual treatment is accom
panied by a change in c-myc regulation from maintained expres
sion (PDBu treatment alone) to transient expression followed
by complete down regulation. Finally, although HL-60-1E3
cells are partially blocked in DMSO-induced granulocyte as
well as in PDBu-induced macrophage differentiation, these cells
maintain down regulation of c-myc and cease proliferation in
the presence of DMSO. as do parental cells. In this regard, it
appears that maintenance of c-myc down regulation alone is
not sufficient in itself to allow HL-60 cells to differentiate into
mature granulocytes. The present study may allow dissection
of specific time points during the differentiation process of HL-
60 cells at which to examine causal relationships between c-
myc regulation and differentiation events. Such studies could
involve the gratuitous expression, or antisense suppression of
the c-myc gene in HL-60 cells.

It is possible that the c-myc regulation which we observe at
the level of RNA throughout the course of differentiation is
related strictly to the proliferative state of the cells. Strong
evidence for the role of this gene in cell division has been
recently reported by Studzinski et al. (28). Such a role would
not necessarily diminish its importance to the dynamic process
of cell differentiation. This concept has been forwarded by
Grossman (29) who has proposed a model for stem cell devel
opmental programs in which the capacity for self renewal is not
limited to pluripotent stem cells, but exists in committed pro
genitors as well. Each compartment, or stage of maturation,
maintains a balance of self renewal versus maturation during
normal differentiation. Loss of control over adjustments of this
balance could result in uncoupling of the sequence of stages
and, consequently, diseases such as leukemia. If the c-myc
product does play a role as a competence factor in cell division,
perhaps it also serves as a component in the control of differ
entiation. Deregulation of this gene as seen in HL-60-1E3 could
potentially uncouple the next stage of maturation and result in
the observed "block" in differentiation. Alternatively, deregu

lation of its expression could simply be an effect of an already
existing loss of proliferative control.

It is not known whether differences in the regulation of c-
myc in HL-60-1E3 cells reported in the present study are due
to changes in the stabilization of the message, altered regulation
of the gene itself, or differential regulation of other genes which
may play important roles in control of the cell cycle (30).
Bentley et al. (31) have demonstrated that a major component
of early c-myc transcriptional down regulation in HL-60 cells
during granulocyte differentiation is due to a block in elongation
of exon 2 and 3 rather than decreased initiation and transcrip
tion of exon 1. If this regulation occurs during monocyte/
macrophage differentiation of HL-60, it is possible that HL-
60-1E3 is unable to maintain this regulation, or is deficient in
a secondary1 regulatory mechanism expressed at late time points

during macrophage differentiation. No gross structural altera
tions of the c-myc gene in resistant clone cells is evident with
respect to parental cells. However, the possibility of any struc
tural changes such as point mutations influencing transcrip
tional regulation cannot be ruled out. The karyotype analysis
of HL-60-1E3 (data not shown) reveals the absence of double
minute chromosomes, which has been noted previously in other
phorbol resistant HL-60 clones (32). In addition a unique ASR
on chromosome 1 appears in the region of localization of four
other cellular oncogenes: c-N-ros. c-fgr, c-Src. and c-'L-myc (33,
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34). Perhaps this chromosomal abnormality and/or these genes
contribute to resistance as well. Finally, defects in second
messenger pathways which could directly or indirectly regulate
c-myc regulation must also be considered. Determination of the
mechanism by which c-myc expression in HL-60-1E3 cells is
uncoupled from regulatory events exhibited in parental cells
should provide additional insight into the regulation of this
gene during late phases of macrophage differentiation.
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