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ABSTRACT

The human promyelocytic leukemia cell line III.6(1 differentiates to
granulocytic cells when treated with retinoic acid (RA). In contrast,
HL60/MRI, a cell line established from a transplantable 1116(1tumor in
nude mice, differentiates to monocytoid cells in response to RA (M.
Imaizumi, J. Uozumi, and T. R. Breitman, Cancer Res., 47: 1434-1440,
1987). Because alterations of proto-oncogene expression may be closely-

related to the difference in response of HL60/MRI to RA we studied the
expression of the proto-oncogenes myc, fins, and N-ras of HL60/MRI in
comparison to III.60. Compared to III 60. the proto-oncogene myc of
HL60/MRI is amplified about twofold less in genomic DNA and is
expressed about twofold less at the transcriptional level. Even though
two subclones of HL60/MRI, 28B.4 and 5B, have about the same steady-
state levels of c-myc mRNA before treatment with RA, 28B.4 has a more
rapid decrease of c-myc mRNA after treatment with RA. Based on two
differentiation markers, nitro blue tetrazolium reduction and the OKM-
5 monocyte-specific surface antigen, 28B.4 exhibits a greater response to
RA than does SB. c-fms mRNA is not detected in uninduced HL60/MRI
and III .60 but is expressed during RA-induced differentiation of HL60/
MRI to monocytes/macrophages and 111,60to granulocytes. The expres
sion of N-ros mRNA of SB decreases about twofold during the first 12 h
of exposure to RA and is then relatively constant for another 36 h.

INTRODUCTION

Many proto-oncogenes, the cellular counterpart of trans

forming (one) genes carried by acute transforming retroviruses,
code for proteins that regulate cell proliferation and differentia
tion (1-5). The simian sarcoma virus transforming gene, v-sis,
encodes a protein closely related to human platelet-derived
growth factor (2), and the one gene erb-B of avian erythroblas-
tosis virus has homology to the transmembrane and cytoplasmic
portion of the receptor for epidermal growth factor (3). More
recently, it was shown that the proto-oncogene fms is closely
related to the receptor for macrophage colony-stimulating fac
tor (CSF-1) (5). However, the biological function of many
proto-oncogene products is not known, even with an accumu

lation of evidence on biochemical aspects of these products,
such as tyrosine kinase activity of the src gene family (6) and
GTP-binding activity of the ras gene family (7).

The promyelocytic leukemia cell line HL60 is used exten
sively for studying proliferation and differentiation of myelo-
monocytic cells. HL60 is of even greater interest because of its
unique property to differentiate to either granulocytes or mon-
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ocytoid cells depending on the inducer. TPA,3 1,25(OH)2 vita
min Dj, butyric acid, and lymphokines such as interferon-r
induce differentiation of HL60 along the monocytoid lineage
(8-11). RA and polar compounds such as DMSO and HMBA
induce HL60 along the granulocytic pathway (12, 13).

HL60 expresses the proto-oncogene myc (14) and the tran
scriptional level of c-myc is very high because of an amplifica
tion in the genomic DNA (15, 16). During differentiation the
level of c-myc mRNA decreases markedly (14, 17-23). In
transfection experiments, HL60 genomic DNA malignantly
transforms NIH3T3 cells (24). A multistep mechanism involv
ing both N-ras and c-myc has been proposed as the basis for
this transformation. Transcripts of ras are expressed in unin
duced HL60 (14, 18, 23). During differentiation the steady-
state levels of ras mRNA are reported to increase (25), decrease
(21), or not change (18, 23).

The association between c-fms expression and cells differen
tiated along the monocytic lineage is well documented (17, 18,
26, 27). Activation of c-fms occurs during differentiation of
HL60 induced with TPA, 1,25(OH)2 vitamin D3, or interferon-
T (17, 18). Increases in both CSF-1 mRNA and CSF-1 are
associated with the increase in c-fms mRNA (26). Thus, HL60
cells differentiating along the monocytic pathway gain the
ability to produce the factor (CSF-1) and its receptor (the c-fms
gene product) that regulates their own survival, growth, and
differentiation (26).

We previously characterized the RA-inducible monocytic dif
ferentiation of HL60/MRI, a transplantable HL60 tumor cell
line (28). Like HL60, HL60/MRI differentiates to granulocyte-
like cells in response to DMSO and HMBA. In contrast to
HL60, HL60/MRI differentiates in response to RA to mono
cytoid cells based on morphology, expression of OKM-5 mon
ocyte-specific surface antigen, increased nonspecific esterase
activity, and adhesiveness. Furthermore, HL60/MRI is more
sensitive to RA than HL60 and it has chromosomal abnormal
ities not found in HL60. The monocytic differentiation of
HL60/MRI in response to RA may be attributed to an altera
tion of gene expression caused by these chromosomal abnor
malities. In this report, we investigated the expression of the
proto-oncogenes myc, fins, and N-ras during RA- and TPA-
induced differentiation of HL60 and HL60/MRI.

MATERIALS AND METHODS

Materials. Restriction enzymes were purchased from Bethesda Re
search Laboratories, Gaithersburg, MD, and from International Bio
technologies Inc., New Haven, CT. 32P-labeled dCTP and the Nick

Translation Kit were from Amersham, Arlington Heights, IL. RA,

3The abbreviations used are: TPA, 12-O-tetradecanoylphorbol-13-acetate; RA,

retinoic acid; NBT, nitro blue tetrazolium; DMSO, dimethyl sulfoxide; HMBA,
hexamethylene bisacetamide; FBS, fetal bovine serum; PBS, phosphate buffered
saline (1.5 mM KH2POÂ«,8.1 mM Na2HPO4, 136.9 HIM NaCI, pH 7.2); FITC,
fluorescein isothiocyanate; SDS, sodium dodecyl sulfate; SSC, standard saline
citrate (0.15 M NaCl-0.015 M sodium citrate, pH 7); HSRs, homogeneously
staining chromosomal regions.
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bovine insulin, and human transferrin were from Sigma Chemical Co.,
St. Louis, MO. TPA was from Pharmacia P-L Biochemicals, Inc.,
Milwaukee, WI. FITC-conjugated OKM5 monoclonal antibody was
purchased from Ortho Diagnostic Systems Inc., Raritan, NJ.

Preparation of Gene Probes. Escherichia coli strains harboring phis
mids containing the oncogenes c-myc, \-fms, and N-ras were obtained
from the American Type Culture Collection, Rockville, MD. pUC
plasmid inserted with cDNA of chicken 0-actin was a gift of Dr. B.
Paterson, NIH. Plasmids were collected from bacteria by alkali lysis
and oncogene inserts were isolated by electrophoresis of restriction
enzyme-digested plasmids followed by electroelution of the DNA frag
ments. The 9-kilobase Â£c0RI-///m/III fragment of c-myc, 1.3-kilobase
Psl\-Pstl fragment ofv-fms, 1.5-kilobase EcoRl-EcoR\ fragment of N-
ras, and 1.5-kilobase Pst\-Pst\ fragment of chicken /3-actin were pre
pared and labeled with [Â«-32P]dCTPby nick translation.

Cells. HL60 and HL60/MRI were maintained in suspension culture
in RPMI 1640 (Advanced Biotechnologies, Inc., Silver Spring, MD)
supplemented with 10% (v/v) FBS (GIBCO, Grand Island, NY). HL60/
MRI cells were subcloned by transferring single cells, under an inverted
microscope, to individual wells of a 96-well culture plate which con

tained athymic nude mouse peritoneal macrophages as feeder cells.
Differentiation of HL60 and HL60/MRI was induced as described (28).
Briefly, cells growing exponentially were harvested by centrifugation
and resuspended in serum-free nutrient medium supplemented with 5
ng insulin/ml and 5 ng transferrin/ml (29). Differentiation was studied
in the presence of 300 nM RA or 32.4 nM TPA.

Isolation and Analysis of Cellular RNA and DNA. Total cellular RNA
was isolated by a guanidine thiocyanate/cesium chloride method (30).
This RNA (12 Â¿ig)was separated by electrophoresis through 1% agarose
formaldehyde gels followed by Northern blot transfer to nitrocellulose
and hybridization with radiolabeled one gene probes. High molecular
weight DNA (5 ng), isolated as described (31), was digested with
restriction enzymes; separated by electrophoresis through 0.8% agarose
gels; and transferred to nitrocellulose filters by the Southern blot
technique. The filters were incubated overnight at 42Â°Cin hybridization
solution (50% formamide, 5x SSC, 0.1 % SDS, 1Ox Denhart's solution,

and 100 ng denatured salmon sperm DNA/ml) and then hybridized for
36-48 h at 42"C with hybridization solution containing 2 x IO6 dpm

of radioactive one gene probe/ml. After hybridization, the filters were
washed consecutively at room temperature with solutions of 2x SSC-
0.5% SDS; 2x SSC-0.1% SDS; and finally with two 30-min washes of
0.1 x SSC-0.5% SDS. Autoradiography was then performed with inten
sifying screens at -70Â°Cfor 1 to 3 days.

Flow Cytometric Analysis of Surface Antigens and NBT Reduction.
Differentiation was estimated by determining the extent of NBT reduc
tion and the expression of monocyte-specific surface antigens as de
scribed (28). The capacity of the cells to reduce NBT was assessed in
two different ways: quantitatively as nmol of NBT reduced per IO6

viable cells (32) and qualitatively as the percentage of cells with
formazan deposits (29). For flow cytometric analyses, cells were har
vested, washed with cold PBS containing 2% heat-inactivated FBS, and
treated with nonrelated mouse IgG to reduce possible binding of mono
clonal antibodies through Fc receptors. Cells were stained with FITC-
conjugated OKM5 monoclonal antibody at 4Â°C.The cells were washed

with PBS and then analyzed on a Becton-Dickinson FACS II cytofluo-
rometer using logarithmic amplification. The data are shown as cell
counts versus FITC intensity, which doubles for every 100-channel
number.

RESULTS

Steady-State Level of c-myc mRNA Decreases Rapidly during
Differentiation. Changes in the steady-state levels of c-myc
mRNA during RA-induced differentiation were studied on
HL60 and two subclones of HL60/MRI designated 28B.4 and
5B (Figs. 1-3). The differentiation of these cell lines in response
to RA is somewhat different (see below). The steady-state levels
of c-myc mRNA in the two uninduced clones are about the
same (Fig. 1). These levels decrease rapidly during exposure to
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Fig. 1. The expression of c-myc mRNA in two clones (28B.4 and SB) of
HL60/MRI induced with 300 nM RA. Total RNA (12 (ig) was applied to each
lane. The expression of /3-actin mRNA in the same Northern blot is shown as an
intrinsic control.
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Fig. 2. The expression of c-myc mRNA in HL60/MRI (28B.4) induced with
300 RMRA and in HL60 induced with 32.4 nM TPA or 300 nM RA. Total RNA
(12 fin) was applied to each lane. /3-Actin was used as in Fig. 1.
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Fig. 3. Densitometnc analysis of Northern blots shown in Figs. 1 and 2. O,
HL60 with 32.4 nM TPA; D, HL60 with 300 nM RA; â€¢¿�HL60 MRI/5B with
300 nM RA; â€¢¿�,HL60 MRI/28B.4 with 300 nM RA.
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RA with c-myc mRNA of 28B.4 decreasing at a faster rate
compared to 5B. c-myc mRNA also decreases at a greater rate
in RA-induced 28B.4 than in RA- or TPA-induced HL60 (Fig.

2). Densitometric analysis (Fig. 3) of the Northern blots in
Figs. 1 and 2 show that: (a) the levels of c-myc mRNA in
uninduced 28B.4 and 5B are about twofold lower than in
uninduced HL60; (b) a transient increase in the levels of c-myc
mRNA of induced 5B and HL60 is not observed with 28B.4;
and (c) there is a much faster decrease in the steady-state level
of c-myc mRNA during differentiation of 28B.4 than of HL60
or 5B. The relatively small changes in the steady-state levels of
j3-actin mRNA (Figs. 1 and 2), chosen to control for RNA
recovery, show that these changes in c-myc mRNA expression
are a specific consequence of induction and not due to a
generalized RNA degradation.

Southern Blot Analysis of the c-myc Gene of HL60 and HL60/
MRI. The difference in the steady-state levels of c-myc mRNA
of uninduced 28B.4 and 5B compared to HL60 could be because
of a difference in the extent of amplification or of a re
arrangement of c-myc in the genomic DNA. Southern blots of
Psil-digested DNA of 7 HL60/MRI clones, HL60, and normal
peripheral mononuclear cells have the same pattern (Fig. 4)
indicating there has not been a rearrangement. The same con
clusion is reached after analysis of Southern blots of Sacl-
digested DNA (data not shown). However the level of c-myc
genomic DNA in HL60, assessed by densitometry of the blots
shown in Fig. 4, is about twofold higher than in any of the
HL60/MRI clones and about 20-fold higher than in normal

peripheral blood mononuclear cells. Differences in the copy
number of c-myc between the seven clones of HL60/MRI are
small. Thus in uninduced 28B.4, 5B, and HL60 there is a
correlation between the steady-state levels of c-myc mRNA and
the genomic levels of c-myc.

28B.4 is More Responsive to RA Than 5B. We compared the
time course of NBT reduction (Figs. 5 and 6) and the expression
of OKM5 monocyte-specific surface antigen (Fig. 7) during
differentiation of 28B.4 and 5B. Based on either the percentage
of cells having light-microscope observable formazan deposits
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Fig. 4. Southern blot analysis of Pstl digested DNA of seven clones of HL60/
MRI, HL60, and normal peripheral blood mononuclear cells, hybridized with
32P-labeled c-myc probe.
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Fig. 5. Time-course of formazan production of HL60/MRI clones 28B.4 (A)
and SB (B) induced with 10 niw (Q, â€¢¿�),100 nM (A. A), and I n\i RA (O, â€¢¿�).
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Fig. 6. Time-course for percentage of NBT-positive HL60/MRI clones 28B.4
(A) and SB (Â«>induced with 10 nM (D, â€¢¿�),100 nM (A, A), and 1 pM RA (O, â€¢¿�).

(Fig. 5) or the nmol of formazan produced per IO6 cells (Fig.

6), 28B.4 responds more rapidly and to lower concentrations
of RA than 5B. In addition, 48 h after the initiation of differ
entiation with 300 nisi RA, the percentage of cells with a FITC-
OKM5 intensity greater than channel number 200 (the upper
limit for uninduced cells) is 92% for 28B.4 and 78% for 5B
(Fig. 7). The mean fluorescence intensity for 28B.4 is twofold
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Fig. 7. The expression of OKM5 monocyte-specific surface antigen on HL60/
MRI clones 28B.4 (A) and SB (B) induced with 300 nM RA for 2 days. Dashed
line, uninduced cells. At least 10,000 cells were analyzed for each condition.
Results are displayed as graphs of cell number versus relative fluorescence intensity
which doubles every 100 channels.
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Fig. 8. The expression of c-fms in HL60/MR1 (SB) and HL60 induced with
300 nM RA. Total RNA (12 ^g) was applied to each lane. 0-Actin was used as in
Fig. 1.

higher than 5B. These results indicate that the more rapid
decrease in c-myc mRNA in 28B.4 compared to 5B after
exposure to RA (Figs. 1 and 3) correlates with a subsequent
greater degree of monocytic differentiation.

Expression of c-fms and N-rÂ«s.c-fms transcripts are not
detected in uninduced 5B or HL60 (Fig. 8 and Reference 18).
During RA-induced differentiation of 5B and HL60, c-fms
mRNA transcripts are detected at Day 1 and then increase
gradually (Fig. 8). Similar results were observed for 28B.4.
HL60 exposed to TPA for 1 day expresses c-fms mRNA at a
level that is about the same as for 5B exposed to RA for 3 days
(data not shown).

During the first 12 h of treatment of 5B with RA, the steady-
state level of N-ras mRNA decreases about twofold and is then
relatively constant for another 36 h (Fig. 9).

DISCUSSION

In contrast to the RA-induced granulocytic differentiation of
HL60, the transplantable HL60 tumor cell line HL60/MRI
differentiates to monocytic cells in response to RA (28). We
were interested in the expression of the proto-oncogenes c-myc,
c-fms, and N-ras during RA-induced differentiation of HL60/
MRI because of the association of these proto-oncogenes with
myelomonocytic differentiation (14, 17-23, 25). Differences in
the expression of these proto-oncogenes could be the basis for

CI 'Ã‹
C O

O CM

C'Ã‹
.C -C

-= CM â€¢¿�*
CO r- CM

.C -C
CO 03co â€¢¿�*

28S â€”¿�

18S â€”¿�

28S â€”¿�

18S â€”¿�

â€”¿�N-ras

â€”¿�0-actin

Fig. 9. The expression of fi-ras in HL60/MRI (SB) induced with 300 nM RA.
Total RN A (12 Â«n) was applied to each lane.. Â¡-Actin was used as in Fig. 1.

the difference in response to RA of HL60 and HL60/MRI.
HL60 has high steady-state levels of c-myc mRNA because

of an amplification of c-myc in the genomic DNA (15, 16).
However, in HL60/MRI the amount of c-myc mRNA and the
gene copy number of c-myc are approximately twofold lower
than in HL60 (Figs. 3 and 4). There is no rearrangement in
genomic myc between HL60 and HL60/MRI clones (Fig. 4).
HL60/MRI does not have either HSRs on chromosome 8 or
minutes or double minutes that are sites of c-myc amplification
in HL60 (33). It has an abnormal chromosome marker which
may be identified as M5 = t (?::HSR::8q::HSR) (28). It is
possible that this marker of HL60/MRI is a site of c-myc

amplification.
The level of c-myc mRNA decreases after HL60 is treated

with inducers of differentiation such as TPA, 1,25(OH)2 vita
min D3, RA, and DMSO (14, 17-23). During monocytic or
granulocytic differentiation of HL60 the steady-state levels of
c-myc mRNA are inversely correlated with the extent of differ
entiation and are independent of the inducer and the rates of
cell proliferation (20). One exception is that in HL60 cells
induced with interferon-r a decrease in c-myc mRNA occurs
after high levels of mature monocyte markers are expressed and
proliferation has stopped (17). Our results are in agreement
with those of others (18-23). Marked decreases in c-myc mRNA
expression (Figs. 1-3) precede phenotypic changes associated
with maturation (Figs. 5-7) including arrested cell proliferation
(28). In addition, one clone of HL60/MRI, 28B.4, has a more
rapid decrease of c-myc mRNA during RA-induced differentia
tion compared to TPA- or RA-induced HL60 (Figs. 1-3). This
rapid decrease of c-myc in response to RA is not necessarily
related to the unique monocytic differentiation because 5B,
another clone of HL60/MRI, exhibits a much slower decrease
of c-myc mRNA which correlates with a subsequent slower rate
of differentiation. A rapid increase preceding the rapid decrease
in steady-state levels of c-myc mRNA of HL60 induced with
TPA was shown previously (18). Our results extend these
findings by showing that an increase in c-myc mRNA occurs
during RA-induced granulocytic differentiation of HL60 and
RA- and TPA-induced monocytic differentiation of 5B and
HL60 (Fig. 3). It will be of interest to investigate how closely
the levels of the c-myc gene product, a DNA binding protein
(34), mirrors these changes in c-myc mRNA. The pivotal role
that the c-myc protein may play in cell proliferation and/or
differentiation is underscored by recent findings that it is re
quired for DNA synthesis (35) and that HL60 cells carrying
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antisense c-myc DNA have markedly reduced c-myc mRNA

and protein levels, grow slowly, and express monocytic differ
entiated phenotypes (36).

The mechanism for the decrease in c-myc transcripts was not
addressed in this study. However decreased rates of c-myc
transcription rather than enhanced c-myc mRNA degradation
occur in HL60 cells induced with TPA, DMSO, or RA (22,
37-39). Furthermore, in RA-induced HL60 the basis for tran-
scriptional down-regulation is a block in elongation between
exons 1 and 2 rather than a decrease in initiation (38). In
contrast, posttranscriptional destabilization alone has been re
ported to account for the reduction in c-myc RNA level of RA-

induced differentiating F9 embryonal carcinoma cells (40).
The association between c-fms expression and cells differen

tiated along the monocytic lineage is well documented (17, 18,
26, 27). Based on these studies we expected no expression of c-
fms mRNA in RA-induced HL60 and an expression of c-fms
mRNA in RA-induced HL60/MRI. Instead, the steady state
level of c-fms mRNA increases from an undetectable level to a
detectable level during RA-induced differentiation of either
HL60 or HL60/MRI (Fig. 8). Two possible explanations for
these findings are that RA is a general inducer of c-fms mRNA
transcription independent of differentiation and that RA-in
duced HL60 granulocyte-like cells atypically express this mon-
ocyte/macrophage marker. Nonspecific esterase and 5'-nucle-

otidase, two markers specific for monocyte/macrophage cells,
are not expressed in either uninduced or RA-induced HL60
(41). However, about 10% of RA-induced HL60 cells have the
OKM5 monocyte-specific surface antigen (28). The extent to
which this small population of RA-induced HL60 cells is re
sponsible for c-fms mRNA expression requires further study.
The relatively similar expression of c-fms mRNA in HL60/
MRI (Fig. 8) when at least 80% of the cells have the OKM5
antigen (Fig. 7) indicates that there is not a simple proportional
relationship between the expression of OKM5 antigen in HL60
and HL60/MRI and the steady state level of c-fms mRNA.

In transfection experiments, HL60 genomic DNA is capable
of malignantly transforming NIH3T3 cells and the HL60 gene
mediating this transformation has been identified as the N-ras
gene (24). Compared to the marked decrease in the steady state
level of c-myc mRNA during differentiation there is only a
twofold decrease in the expression of N-ras mRNA (Fig. 9). In
addition, the steady state level of N-ras mRNA decreases rela
tively rapidly to 12 h and is then constant to 48 h. These
changes in N-ras mRNA could reflect the presence of at least
two populations of cells. However, HL60 induced to differen
tiate with DMSO for 5 days also has markedly lower levels of
c-myc mRNA and about a twofold decrease of N-ras mRNA

(21). In contrast, similar changes in the steady state levels of
N-ras mRNA were not observed during differentiation of HL60
induced with DMSO, HMBA, TPA, and 1,25(OH)2 vitamin D,
(23). However, control HL60 cells used in the latter study were
21% positive for nonspecific esterase, indicating partial matu
ration and raising the possibility that the cells already had the
reduced N-ras mRNA levels that we observe at 12 h (Fig. 9)
and which do not change even though the extent of differentia
tion increases (Figs. 5 and 6). N-ras is a member of the ras
family of oncogenes which also includes Kirsten and Harvey
ras. The ras gene product is related to one of the components
of the G-protein group but a clear cellular function of the c-ras
gene is presently unknown. It is clear that not all members of
the ras family respond similarly during differentiation. Thus,
in contrast to N-ras, there is an increase in both the rates of
transcription and the steady state mRNA levels of c-Ha-ros

during granulocytic differentiation of HL60 (25). In differen
tiating F9 teratocarcinoma stem cells there is about a twofold
decrease in the level c-Ki-ras mRNA (42) and no change in the
level of c-Ha-ras transcripts (4, 42).
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