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Abstract

C-myc proto-oncogene transcripts from serially harvested, col-
ony-stimulating activity (CSA)-stimulated, normal progenitor-
enriched human bone marrow cells were compared to those of
the promyelocytic leukemia cell line HL-60 and to those of
freshly obtained human myeloid leukemic cells. During the early
culture period both normal and leukemic cells expressed the c-
myc oncogene. In normal cells maximal expression occurred after
24 h of culture and did not occur in the absence of CSA. At this
time, progranulocytes predominated in the cultured cells. Al-
though cellular proliferation occurred for 96 h in vitro, c-myc
expression ceased after 24-36 h. Terminally differentiated cells
predominated in these cultures by 120 h. In contrast, although
leukemic cells also expressed c-myc in vitro, transcription per-
sisted throughout the culture period and, in the case of HL-60
cells, occurred in the absence of exogenous CSA. Wealso noted
that normal cells with only one diploid gene copy exhibited, after
24 h of culture, only twofold fewer transcripts than did HL-60
cells in which there were 16 myc copies. Furthermore, c-myc
mRNAdegradation rates were similar in normal cells and in
HL-60 cells. Weconclude that c-myc transcription is a normal
event in granulopoiesis linked to proliferative activity as well as
to primitive developmental stage. Furthermore, the most con-
sistent abnormality in leukemic cells in vitro is their failure to
suppress transcriptional activity of this gene. Wesuggest that
c-myc transcription in HL-60 cells may be appropriate for cells
arrested at that developmental stage and that the amplified genes
in HL-60 cells are quiescent relative to c-myc in normal cells at
the same differentiation stage. The techniques described herein
may be of value in identifying mechanisms by which normal
hematopoietic cells suppress c-myc expression and aberrancies
of these mechanisms in leukemic cells.

Introduction

Retroviral genes that induce infected cells to exhibit the neo-
plastic phenotype are known as viral oncogenes (v-onc)' (1, 2).
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1. Abbreviations used in this paper: c-onc, cellular oncogene; CSA, colony-
stimulating activity; HPCM, human placental conditioned medium;
LDBM, low density bone marrow; v-onc, viral oncogene.

Strong evidence supports the notion that v-onc derive from viral
transduction of cellular sequences, currently known as cellular
oncogenes (c-onc) or proto-oncogenes (1, 2). That c-onc have
been conserved throughout evolution suggests that they serve
critical functions in normal cells (1, 2). Recent evidence suggests
that these functions are related to cellular growth and differen-
tiation. For example, viral oncogenes directly or indirectly in-
terfere with normal cellular proliferation and differentiation ( 1-
3). Moreover, certain of these genes code for either growth factors
or growth factor receptors (4, 5). In addition, it is also clear that
some c-onc are legitimately expressed in certain normal cells.
For example, recent studies in mice have indicated that certain
cellular oncogenes, including c-myc, are expressed during normal
embryogenesis (3), and during hepatocellular (6), erythroid (7),
fibroblast (8), lymphoid (8, 9), and placental (10) cell prolifer-
ation. Reconciliation of the oncogenic potential of v-onc se-
quences with the knowledge that their cellular homologues can
be actively transcribed in normal cells is critical to our under-
standing of the function of cellular proto-oncogenes in normal
and neoplastic cells.

C-myc is the cellular homologue of the transforming gene
of avian myelocytomatosis virus, encodes two nuclear binding
proteins (I 1), and represents one of the most widely studied of
the cellular oncogenes. In part because c-myc is transcribed in
certain normal proliferating cells and because experimental c-
myc activation has proved to be inadequate to induce neoplasia
either in vitro (12) or in vivo (13), gene expression per se is
clearly insufficient to account for carcinogenesis. Consequpntly,
an often-cited hypothesis for the involvement of c-myc in car-
cinogenesis is that in neoplastic cells c-myc expression is ab-
normally regulated (1, 14, 15). Deregulation of c-myc activity
has been attributed to chromosomal translocation (15-17) and
to gene amplification (18, 19) either of which might account for
loss of responsiveness to regulators of gene expression (3).

To determine whether c-myc expression is, in fact, inappro-
priate in a malignant cell requires studies on c-myc expression
in normal cells (6, 8, 20). A major stumbling block in this regard
has been that malignant cells are almost always arrested at a
single primitive stage of cell differentiation and normal cells are
not. Comparisons of the activity of c-onc transcription in leu-
kemic cells (a homogeneous population of primitive forms) to
that of unfractionated normal marrow cells (a heterogeneous
population of largely mature forms) might be misleading if the
gene is transcribed only in the most primitive of those normal
cells. That this might be the case is suggested by previous studies
that used a variety of hematopoietic cell lines, in which c-myc
was expressed in primitive cells but to a lesser extent in more

mature ones (21).
Accordingly, to test the hypothesis that c-myc is constitutively

expressed in replicating normal human hematopoietic cells, we

used northern and dot-blot analysis to measure c-myc transcripts
in serially harvested, colony-stimulating activity (CSA)-stimu-
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lated normal bone marrow cells enriched for primitive myeloid
progenitors cells. Wefound that the number of c-myc transcripts
in normal cells is high after 24 h of culture at which time blasts
and progranulocytes predominated. At the time of maximal
expression, transcript numbers were approximately the same in
normal cells as in HL-60, but after 24-36 h normal cells repressed
myc expression whereas leukemic cells did not. Because tran-
script degradation rates were high in both normal and leukemic
cells, we conclude that the myc expression in cultured normal
and leukemic cells differs in that gene transcription is not ap-
propriately repressed in the latter.

Methods

Enrichment of bone marrowfor progenitor cells. Bone marrow cell samples
were obtained after informed consent from paid normal volunteers. Low
density bone marrow (LDBM) cells were prepared with Ficoll-Paque
centrifugation (22). T lymphocytes were removed by E-rosette depletion
(23, 24). Adherent cells were removed sequentially on three nylon fiber
columns (25) followed by adherence to serum-coated dishes (26). Non-
adherent LDBMcells were then cultured for 96 h in complete medium
with 10% human placental conditioned medium (HPCM) prepared ac-
cording to the method of Schlunk and Schleyer (27). The colony growth
efficiency of these cells in colony-forming unit/granulocyte-macrophage
assays was 2-3%. Cloning efficiency (colonies [.40 cells/aggregate] plus
clusters and microclusters [2-40 cells/aggregate]) had a range of 8-22%.

Surface marker analysis. 1 X 106 cells in 200 M1l of RPMI (Gibco,
Grand Island, NY) were incubated with Sl of OKMI (Ortho Diagnostics,
Inc., Raritan, NJ) or OKT3 (Ortho Diagnostics, Inc.) monoclonal an-
tibodies separately for 30 min on ice. At the end of the incubation period,
cells were washed twice and resuspended in 200 Ml of RPMI. The cells
were then incubated for 30 min on ice with 50 Ml of 1:30 dilution of
fluorescein-conjugated goat anti-mouse immunoglobulin (Cooper
Biomedicals, Malvern, PA). The cells were washed twice and resuspended
in RPMI containing 10% heat-inactivated fetal calf serum and 2% form-
aldehyde. The cells incubated without the first antibody were used as
controls. Fluorescence sensitivity was assessed using an Ortho 50H cy-
tofluorometric sorting device (Ortho Diagnostics, Inc.).

Cell proliferation. The proliferative response to HPCMof LDBM
cells was assayed by exposure of sequentially harvested cells to 5 MUCi of
[3H]thymidine for 30 min. The cells were harvested onto the filters using
an automatic cell harvester and air-dried. The incorporation of radio-
activity was determined by liquid scintillation counting.

RNAextraction. Total RNAwas isolated from cells by the procedure
described by Maniatis et al. (28) utilizing the hot saturated phenol mod-
ification. Poly (A)-containing RNAwas selected by oligo deoxythymidine-
cellulose chromatography (29). RNAwas loaded using 0.5 MNaCI, 50
mMTris-CI (pH 7.5), 1 mMEDTA, and the bound RNAwas eluted
off the column using diethylpyrocarbonate treated water. The concen-
tration of poly (A)-containing RNAwas determined by optical density
(OD) at 260 nm.

Northern and dot-blot analysis. For Northern blot analysis, poly (A)-,
containing RNAwas adjusted to 0.5 Mglyoxal (deionized), 50%dimethyl
sulfoxide, 15 mMsodium phosphate buffer (pH 6.5), heated at 50°C for
I h, and subjected to electrophoresis in 1% agarose, phosphate buffer
(pH 6.5) slab gels. The running buffer was 15 mMphosphate buffer (pH
6.5); electrophoresis was at 1.6 V/cm for 9 h with constant buffer recir-
culation. The RNAwas transferred to Genescreen membrane (New En-
gland Nuclear, Boston, MA) by the capillary blot procedure using 25
mMphosphate buffer (pH 6.5).

For dot-blot analysis, poly (A)-containing RNAwas dissolved in di-
ethylpyrocarbonate-treated water, diluted to desired concentrations,
boiled, quick-cooled on ice, and applied with gentle suction to a 4-mm
diam spot on Genescreen membrane which previously had been equil-
ibrated with 2X SSC (L.OX SSC is 0.15 Msodium chloride, 0.015 M
sodium citrate) supported on a no. 470 paper employing 96-hole minifold
apparatus. After baking for 4 h at 80'C, the blots were prehybridized

over night at 42-450C in a buffer containing 50%formamide (deionized),
0.2% polyvinyl pyrrolidone (mol wt 40,000), 0.2% bovine serum albumin,
0.2% Ficoll (mol wt 400,000), 0.05 MTris-HCl (pH 7.5), 1.0 MNaCl,
0.1% sodium pyrophosphate, 1.0% sodium dodecyl sulfate (SDS), 10%
dextran sulfate (mol wt 500,000), and denatured salmon sperm DNA
(150 gg/ml). Subsequently, the blots were hybridized for 24 h at 42-
450C with 7.5 X l0 dpm of nick-translated probe per milliliter of hy-
bridization buffer (same composition as prehybridization buffer). After
hybridization, the blots were washed twice with 2X SSCat room tem-
perature (5 min each wash), twice with 2X SSCand 1.0% SDSat 650C
(30 min each wash), and finally two times with 0.1 X SSCat room tem-
perature (30 min each). The membrane was dried at 220C and exposed
to x-ray films (X-omat AR5, Eastman Kodak Co., Rochester, NY) with
an intensifying screen at -70'C for 96 h. The dot-blot autoradiogram
shown was evaluated by quick-scan densitometer (Helena Laboratories,
Beaumont, TX).

DNAfor dot-blotting was isolated from HPCM-stimulated LDBM
cells and HL-60 cells according to the method described by Meinkoth
and Wahl (30). The DNAwas then dotted onto Genescreen-plus mem-
brane (New England Nuclear), baked, and hybridized with a c-myc-
specific probe as described above.

Estimation mRNAdegradation rates. Total cellular RNAwas ex-
tracted from LDBMcells and HL-60 cells at various times after treatment
with actinomycin D(5-10 Mg/ml) to block essentially all transcriptional
activity (31). Each sample was dot-blotted onto a Genescreen membrane
as described above, and analyzed for its c-myc and y-actin mRNAcon-
tent. The c-myc and y-actin mRNAcontents were analyzed and evaluated
by quick-scan densitometer as described above. The intensities obtained
for zero time controls and actinomycin D-treated samples were used to
calculate the proportion of the c-myc or y-actin mRNAremaining.

Four studies were performed using HL-60 cells and three using normal
cells. Time-matched controls in HL-60 cells (cells to which medium
rather than actinomycin Dwas added) showed stable transcript numbers
at all time points but in the normal cells transcript levels sometimes
increased early in culture. Accordingly, we have chosen to express our
results as the percentage of mRNAremaining using zero time transcript
levels as 100%.

Hybridization probes. The recombinant plasmids pRyc7.4 (kindly
provided by Dr. G. Rovera, The Wistar Institute, Philadelphia, PA),
pHF A-3'UT (kindly provided by Dr. L. Kedes, V.A. Medical Center,
Palo Alto, CA), and pHB-IS (kindly provided by Dr. T. Maniatis, Harvard
University, Boston, MA) were used as c-myc, -y-actin, and (l-globin hy-
bridization probes, respectively. These plasmids were nick-translated using
nick-translation kits (Bethesda Research Laboratories, Gaithersburg, MD)
and [32P]dCTP (800 Ci/mmol, New England Nuclear). The specific ac-
tivity of the probes was 1-2 X 108 dpm/,ug DNA.

Results

HPCMspecifically stimulates the expansion of myeloid lineage.
LDBMcells depleted of T and B lymphocytes and mononuclear
phagocytes contained lymphoid-appearing cells and granulocyte
precursors no more differentiated than myeloblasts. As shown
in Fig. 1 a, the majority were lymphoid in appearance but were
surface immunoglobulin-, OKT3- (which recognizes T lympho-
cytes), and OKM1- (which recognizes monocytes and granulo-
cytes) negative. These cells were cultured with 10% HPCM, a
potent source of CSA (32), for a period of 96 h. The cells undergo
differentiation to progranulocytes by 24 h (Fig. 1 b) and reach
nonproliferative stages, namely metamyelocytes, and bands by
96-h (Fig. 1 c). Cells were regularly harvested during the period
of culture for morphologic studies, analysis of [3H]thymidine
incorporation, surface phenotype analysis with monoclonal an-
tibodies, and studies of c-myc expression and gene copy number
using a labeled c-myc probe.

As shown in Fig. 2, the cells cultured in the presence of
HPCMrevealed a progressive increase in [33]thymidine uptake
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Figure 1. Differentiation of LDBMcells cultured for 96 h in HPCM. Photomicrographs (x 1250) of (a) lymphoid-appearing surface immunoglob-
ulin negative cells at the start of the culture; (b) progranulocytes predominating after 24 h of culture (note the characteristic progranulocytic gran-
ules); (c) nonmitotic metamyelocyte and band stage of differentiation that predominated after 96 h of culture.

up to 72 h and a decline thereafter. Cells that were not exposed
to HPCMdid not show a significant change in uptake. This 24-
fold increase by 72 h was observed consistently when the LDBM
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Figure 2. Proliferative response of HPCM-stimulated LDBMcells.
The incorporation of [3H]thymidine at various times after the stimula-
tion of LDBMcells with HPCM. Triplicate cultures were assayed for
each time point. A representative experiment is shown. A similar pat-
tern of incorporation has been seen in all experiments.

cells were cultured in the presence of HPCMbut did not occur
in the absence of HPCM.A cytofluorographic phenotype analysis
showing the temporal increase in myeloid cells after HPCM
stimulation of LDBMcells is seen in Fig. 3. OKM1-positive
cells increased sevenfold by 96 h. OKT3-positive cells did not
increase during the culture period. OKM1-positive cells reflect
largely the cells of neutrophilic lineage because the majority of
cells were chloroacetate esterase-positive. Specifically, there was
a sevenfold increase in chloroacetate esterase positive cells by
96 h, whereas monocyte-specific esterase positive-cells declined
(data not shown). Therefore, the response of LDBMcells to
HPCMwas largely granulocytic.

To define the differentiation stages in vitro, differential cell
counts were performed on Wright's stained cytocentrifuged
slides. As shown in Fig. 4 a, there was a wave of maturation
from primarily lymphoid appearing cells to metamyelocytes and
band forms after 96 h. Peaks of myeloblasts were noted at 12
h, progranulocytes at 24 h, and myelocytes after 72 h. The cells
cultured in the absence of HPCM(Fig. 4 b) showed a similar
pattern of maturation (there were more mononuclear phago-
cytes) without detectable proliferation. Wecannot state that this
pattern of maturation was wholly independent of CSA, however;
it could be due to the production of small amounts of CSAby
residual monocytes and T cells (23, 24).

C-myc transcripts during HPCM-stimulated myeloid cell dif-
ferentiation. Northern blot hybridization analysis with a cDNA
probe (33) of the human c-myc mRNArevealed a transcript of
-2.4 kilobases (kb) in cells exposed to HPCMfor 24 h (Fig. 5
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a). This transcript was comparable in size to c-myc transcripts
found in HL-60 cells (Fig. 5 a) and probably represents a nor-

mally spliced c-myc mRNAspecies (16, 17, 34) transcribed from
the 5.2-kb c-myc gene. Using these techniques it was not possible
to detect which of the two promotors (35) was utilized in these
cells. The number of c-myc transcripts returned to background
level, after 48 h. The Northern blot results, which indicate a

peak of c-myc transcripts after -24 h of culture in the presence
of HPCM, were confirmed in five separate dot-blot analyses as

well (Fig. 5 b).
To define more exactly the time at which transcripts begin

to increase, the cells were harvested at 12-h intervals for up to
48 h and mRNAwas analyzed by dot-blot technique. As shown
in Fig. 5 b c-myc transcripts increase between 12 and 24 h after
exposure to CSA and decline to background levels before 36
h. To show further that the differentiated granulocytes do not
express the c-myc gene, we obtained a pure population of gran-
ulocytes from peripheral blood and analyzed for the c-myc tran-
scripts. As predicted, we did not detect any c-myc mRNAtran-
scripts (data not shown). Cells cultured in the absence of HPCM
were also examined. Even though we observed cell maturation,
as shown in Fig. 4 b, we did not see any change in the expression
of the c-myc gene. However, our assays may not be sensitive
enough to detect small changes in c-myc mRNAcontent.

To control for the relative amount of mRNAin each sample,
aliquots of mRNAwere analyzed for y-actin mRNAby dot-
blot assay. A pBR322 clone containing a 700-base-pair (bp)
HindIII-BamH 1 insert of the 3' untranslated portion of human
T-actin (36) was used. As shown in Fig. 5 c, y-actin mRNA

remains nearly constant relative to total RNAthroughout the
course of HPCM-stimulated myeloid differentiation. This was

confirmed by densitometric scanning of the autoradiogram (data
not shown). As a negative control, we used a pBR322 clone
containing a 4.4-kb Pstl insert of the human f3-globin probe.
Wedid not detect any hybridization at any harvest time point
even after prolonged autoradiography (data not shown).

Because some of our target populations had as many as 1 1%
T lymphocytes and 16% monocytes at the time of exposure to
HPCM, it was necessary to examine c-myc gene expression in
T lymphocytes and monocytes from normal marrow after ex-

E

2

S

-t

4.

E

2
z

043

S
(3

Hours In Culture

0--a Myoloblasts
*_- Progranulocyteg
A-.*- Myelocytes

4 MetamyelocytesoSands

b

- --_

0 6 12 24 36 48 60 72 84 96
Hours In Culture

Figure 4. Differentiation of HPCM-stimulated LDBMcells. (a) Bone
marrow cells exposed to HPCMwere cytocentrifuged on slides at 0, 6,
12, 24, 36, 48, 72, and 96 h, for Wright-stained differential counts. A
wave of maturation was observed from initially lymphoid-appearing
and blast cells to metamyelocytes and bands after 96 h. Peaks of my-
eloblasts at 12 h, progranulocytes at 24 h, and myelocytes after 72 h
can be noted. A representative experiment is shown. Similar results
have been obtained in additional experiments. (b) Same as in a, but
the cells were not exposed to HPCM.

posure to HPCM. Accordingly, we recovered T lymphocytes
from the sheep erythrocyte rosettes by hypotonic lysis and re-

covered monocytes by adherence to serum-coated dishes (>92%
monocytes) (23, 24). These cells were exposed to HPCMfor 24
h and probed for c-myc transcripts. With neither cell type did
HPCMinduce c-myc gene expression (Fig. 5 b), nor did a mixture
of monocytes and T cells (data not shown). In view of these
results and the findings that T cells and mononuclear phagocytes
declined in number in HPCM-stimulated cultures, we conclude
that c-myc expression seen after 24 h of exposure to HPCMwas

in actively proliferating granulocyte precursors.

C-myc gene is not amplified during normal myeloid cell dif-
ferentiation. In the progranulocytic cell line HL-60, the c-myc
gene is amplified 16-32-fold (18, 19). It has been suggested that
c-myc amplification may occur in other nonmalignant myeloid
cells, and thus may represent a normal event in myeloid differ-
entiation (18, 19). Wesought, therefore, to measure the abun-
dance of c-myc gene copies in normal cells as a function of
differentiation stage. C-myc gene sequences in normal granu-
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Figure 5. C-myc gene expression in HPCM-stim-
ulated differentiation of LDBMcells. (a) North-
ern blot analysis of c-myc RNAtranscripts in
poly (A)-containing RNAfrom cells harvested at
various times of culture with HPCM. Poly (A)-
containing RNAwas fractionated on a 1% aga-
rose gel, transferred to Genescreen membranes,
and hybridized with a 32P-labeled cDNAprobe of
the human c-myc gene. The spot on top of the
autoradiogram is a hybridization artifact. (b)
Poly (A)-containing RNAfrom HPCM-stimu-
lated LDBMcells, and from adherent cells and
T-lymphocytes with or without 24 h-exposure to
HPCM,were dot-blotted onto Genescreen mem-
branes and hybridized with a probe specific for
the second and third exons of c-myc. The dot
blot shown was a representative of four separate
experiments. (c) Sameas in b, except for hybrid-
ization with a probe specific for 3' untranslated
region of 'y-actin gene.

lopoietic cells were detected in the unfractionated DNAisolated
from the nuclei of cells harvested over a 96-h period at 12-h
intervals by the dot-blot technique. A representative experiment
is shown in Fig. 6 a. Autoradiograms were scanned for the
changes in the intensity of the dots that would indicate changes
in the abundance of c-myc sequences. The intensity of the spots
was - 14-16 times lower than for the DNAfrom the same num-

ber of HL-60 cells (Fig. 6 b). The results indicate that gene copy

number is stable at each developmental stage.
Levels of c-myc transcripts in normal cells and HL-60 cells.

Wehave compared the levels of c-myc expression in LDBM
cells-after 24 h HPCMstimulation-with the level of c-myc

expression in HL-60 cells. As shown in Table I, we noted that
for a given amount of mRNAloaded on the blot, c-myc RNA
derived from HL-60 cells represented 150% of that derived from

normal LDBMcells harvested at 24 h. In addition, mRNAyield
from HL-60 cells was 166% that of normal LDBMcells after
24-h culture in HPCM.Therefore, on a cell-for-cell basis, c-myc

RNAcontent of HL-60 cells is 2.5-fold higher than in LDBM
cells. Wedo not yet know the cell type(s) transcribing c-myc in
our system. Wecan surmise, however, that cells more differ-
entiated than progranulocytes do not because c-myc is fully re-

pressed in cultures in which such cells predominate. Therefore,
we suspect that cell type(s) including early progranulocytes or

their progenitors are those which transcribe c-myc.

Stability of c-myc transcripts in normal cells and HL-60 cells.
As shown in Fig. 7, upon exposure of cells to actinomycin D
for 30 min, c-myc mRNAcontent was dramatically reduced in
both HL-60 and normal cells while y-actin remained unchanged
(Fig. 7) in LDBMcells. Our estimate of the half-life of c-myc

transcripts in HL-60 cells is virtually identical to the estimates
of Dani et al. (31). This suggests that our particular subclones
are similar in this regard. However, we do anticipate that other
subclones might behave differently because a variety of HL-60
sub lines are known to differ in c-myc expression (35, 37-39).

C-myc transcripts in primary cultures of leukemic cells. In

HPCM-stimulated normal LDBMcells, the number of c-myc

transcripts increase approximately threefold by day 1 and is fol-
lowed by a consistent decline to undetectable levels by day 5
(Table II). Unlike normal LDBMcells in which c-myc transcripts
decline over time, acute leukemic cells, which failed to differ-
entiate to mature neutrophils in vitro, exhibited high levels of
c-myc transcripts throughout the culture period (Table II).

Discussion

Although c-myc expression has been found in certain neoplastic
cell lines (40, 41) and in most freshly obtained malignant tissues
studied to date (42), expression of this cellular oncogene has
been clearly demonstrated in certain proliferating normal cells
as well (3, 6-10). Thus, it is generally acknowledged that c-myc

expression per se is inadequate to account for the assumption
of the neoplastic phenotype ( 12, 13). Our observation that nor-

mal primitive myeloid precursor cells express c-myc also supports
this view. Certain other observations have been interpreted as

suggesting that it may be the inappropriateness of c-myc acti-
vation that plays a role in the development or maintenance of
the neoplastic phenotype. For example, the integration of avian
leukosis virus occurs close to and on the 5' side of c-myc in avian
B cell lymphomas (43). In addition, c-myc is regularly translo-
cated close to either the heavy or light-chain immunoglobulin
genes, and in these cells c-myc is actively expressed (15). Finally,
amplification of c-myc gene has been documented in both non-

hematopoietic (41) and hematopoietic (18, 19) tumor cell lines.
The HL-60 progranulocytic leukemia cell line is one in which

the c-myc gene is actively both expressed and amplified. Our

studies were designed, in part, to provide contextual information
relevant to c-myc amplification and expression in HL-60 cells.

Conceptually, linkage of c-myc expression to both gene am-

plification and to the neoplastic phenotype in malignant cells
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Table I. Relative Levels of c-myc in HL-60
and Normal Myeloid Progenitor Cells

Relative c-myc
RNAlevel Relative increase

Total RNA (constant of c-myc RNA
Cells yield RNA) (per cell)

Ag/J O' cells

HL-60 7.25 (±1.5) 1.5 2.5
24-h HPCM-stimulated

LDBMcells 4.37 (±0.9) 1 1

* HL-60 CeWh

o Oh LDBC

A 12 h

o 24 h

A 48 h

0 72 h

* 96 h

requires, at the very least, the knowledge that normal cells at
the same developmental stage exhibit neither gene amplification
nor active c-myc expression. Accordingly, in this study, we sought
to determine whether primitive granulopoietic cells from human

a bone marrow normally express c-myc. Our results indicate that
they do after 24 h of culture in the presence of CSA (Fig. 5). In

(5x 105) addition, c-myc gene copy number is not increased at 24 h or
at any other time before or after 24 h (Fig. 6). Moreover, the c-
myc transcript numbers in normal cells at 24 h approximate
those found in HL-60 cells (Table I). There are at least two
possible explanations of the latter finding. First, the HL-60 cells
with 16-fold amplified gene copies might transcribe each copy
at a normal rate, producing 16-fold increased transcripts which
are then more rapidly degraded than are normal transcripts.
Because our experiments on myc RNAturnover (Fig. 7) indicate
otherwise, we subscribe to the alternative view that the amplified
copies are, relative to the single copy in normal cells at 24 h of
culture, transcriptionally silent. Such findings are not entirely
without precedent. Recently, normal placental cytotrophoblasts
were found to contain as much c-myc RNAas did cells of a
malignant cell line (COLO 320 HSR) harboring 16-32-fold am-
plified c-myc genes (10).

Although it is of interest that the predominant cell after 24
h of culture is the progranulocyte, we cannot yet directly compare
these progranulocytes to the HL-60 cells because we do not yet
know which cell types transcribe c-myc. Wedo believe, however,
that cells more differentiated than progranulocytes do not tran-

20O b

0
1 1 -

5 2.5 1. 25 0.6 2 0.3 1 0.1 6 0.07 8

HL-60 Cell Number (xlO5)

Figure 6. DNAdot blot of HPCM-stimulated LDBMcells. (a) Cellu-

lar DNAisolated from nuclei of HPCM-stimulated LDBMcells at 0,

12, 24, 48, 72, and 96 h as outlined in the experimental procedures,

were dot-blotted on Genescreen-plus membranes and hybridized with

a probe specific for second and third exons. HL-60 DNAwas also ana-

lyzed similarly. Wefound that HL-60 cells had 14-16-fold higher gene

copies per cell than did normal cells and that gene amplification did

not occur in the normal cells. (b) The autoradiogram (shown in a) was

scanned and the scanning units were plotted against the number of

HL-60 cells used per time point. The readings obtained for LDBM

cells (5 X l01) were plotted on the curve obtained for HL-60. The rel-

ative increase of c-myc gene copies in HL-60 cells was calculated as

the ratio of the number of LDBMcells used to the number of HL-60

cells giving similar densitometric reading.
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Figure 7. mRNAdegradation

rates in normal ( ) and HL-

60 cells --- -). HL-60 cells and

LDBMafter 24 h of culture

were cultured for 30 min in 5-

10 qg/ml actinomycin D.

mRNAwas obtained from

cells, dot-blotted on Gene-

screen membranes, and hybrid-

ized with labeled -y-actin (e) or

c-myc (o) probes. mRNAcon-

tent at 30 min was quantitated

by densitometric scanning of

autoradiograms and survival

was expressed as the percentage

of the actinomycin D controls.

Results shown are mean±SD

from values obtained in three

(normal) and four (HL-60) sep-

arate experiments.
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Table 11. Comparison of Temporal c-myc Expression
in Normal and Leukemic Myeloid Cells

c-myc transcript4

Cells Days 0 1 2 3 4 5

LDBMcells(n = 5) + +++ + + +
Acute myeloblastic

leukemia (n = 3) ++ +++ +++ +++ NT§ NT
Acute promyelo-

cytic leukemia*
(n= 1) ++ ++ ++ ++ NT NT

* The patient was on retinoic acid therapy when the sample was
taken.
t The autoradiograms were scanned densitometrically and the lowest
reading was assigned - and the highest +++++.
§ Not tested.

scribe c-myc because, when such cells predominated in vitro,
transcription was fully repressed. It is conceivable that the CSA-
sensitive clonogenic progenitor cell, the colony-forming unit/
granulocyte-macrophage, most actively transcribes c-myc. Prior
work in HL-60 cells in which c-myc transcription was found to
decrease when the cells were induced to differentiate (44) is
compatible with the notion that c-myc activity is linked somehow
to the maintenance of the neoplastic phenotype. An alternative
point of view, one with which our observations are compatible,
is that c-myc is simply transcribed in these cells because it nor-
mally transcribed in early progranulocytes or their progenitors
and normally become quiescent when the cells differentiate fur-
ther (18, 19, 44). Only studies on c-myc expression in single
cells can resolve the issue of whether transcription occurs only
in a specific differentiation stage.

It is clear, however, that leukemic cells and normal cells
differ substantially in their patterns of c-myc expression. Spe-
cifically, leukemic cells fail to repress myc expression normally.
Although it has been proposed that c-myc mRNAinactivation
may be a mechanism by which gene expression is regulated in
certain human cell lines, including HL-60 cells (31), we found
no differences in mRNAdegradation between the normal and
HL-60 cells; mRNAwas rapidly degraded in both. The analysis
of myc RNAdegradation rates was done using dot-blot analyses
and, in one instance, Northern blot analysis (Fig. 7). C-myc is
known to have two separate initiation sites. Two transcripts have
been identified in many normal cells (45). Wedo not yet know
which transcripts are found in all normal cells. Nor do we know
whether differential transcript degradation occurs. Nevertheless,
our observations on degradation rates are most compatible with
the notion that regulation of c-myc expression in normal and
leukemic cells differs largely in the mechanisms by which gene
transcription is repressed. Whether the failure of any cell to re-
press c-myc during growth and differentiation is a cause or effect
of the neoplastic phenotype remains to be determined.

In summary, despite the similarities between them, there are
two clear differences between normal and leukemic cells vis-d-
vis c-myc expression. First, HL-60 cells proliferate autonomously
and express c-myc constitutively, that is, without requiring ex-
posure to CSA, whereas c-myc expression can only be induced
in normal cells by exposure to CSA. Second, an abnormality

shared by HL-60 cells and primary cultures of freshly obtained
leukemic cells is that whereas normal cells exposed to CSAin-
variably repress c-myc after 36 h in culture, leukemic cells fail
to do so even after 5 d. Therefore, even if c-myc ultimately
proves not to be causally linked with the leukemic phenotype,
its expression may prove to be a valuable marker of a primitive
developmental stage, and failure to supress transcription in vitro
may prove to be a reliable marker of a leukemic phenotype.
Studies addressing the mechanisms by which normal myeloid
cells repress c-myc should provide important insights on the
regulatory abnormalities of gene expression that underlie the
behavior of myeloid leukemic cells.
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