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ABSTRACT
DNA-specific agents have the capacity to induce the maturation of

Ml.-l human myeloblastic leukemia cells to monocyte/macrophages if
adequate concentrations of fetal bovine serum or mitogen-stimulated
human leukocyte-conditioned medium (CM) are present in the culture
medium. Fetal bovine serum and CM contain specific differentiation-
inducing factors that, in conjunction with the drugs, bring about cell
maturation. To examine the mechanism by which this interactive effect
occurs, Ml.-l cells were exposed to actinomycin D or daunomycin in
various combinations with CM, using concentrations at which neither the
drug nor CM, when applied individually, induced maturation to a signif
icant extent. Pretreatment for 3 days with drug followed by treatment for
3 days with CM caused maturation of 75% of the cells, as determined by
the appearance of Fc receptors. Other markers of differentiation, includ
ing ct-napthyl acetate esterase, acid phosphatase, and morphology, also
reflected the increase in maturation. The simultaneous application of
drug and CM was equally effective in inducing differentiation. Pretreat
ment of the cells with CM followed by treatment with drug failed to
induce maturation, whereas pretreatment with CM followed by a second
application of CM caused the expression of Fc receptors in 62% of the
cells. In contrast, pretreatment with drug followed by a second application
of drug did not induce differentiation significantly. These results indicate
that the drug sensitizes the cells to respond to concentrations of CM to
which they would otherwise be refractive. The drug-induced sensitization
is reversible. At sensitizing drug concentrations, cell viability was pre
served but, as measured by radiolabeling for 1 h, total RNA synthesis
was decreased by 38% and mRNA synthesis by 87%. At these drug
concentrations, the synthesis of mRNA specified by all seven oncogenes
examined (myb, myc, abl,fos, N-ros, sis, erb B) was decreased by 15-
60%. The administration of CM subsequent to drug caused a further
decrease of some mRNA levels (c-niyh, c-myc) but increased the level of
others (c-fos). The drug-induced lowering of mRNA levels is considered
to inhibit the synthesis of proteins specifically required for d-S transit
and maintenance of the proliferation program, amplifying, thereby, the
maturation signal emitted by the differentiation factors present in serum
and in CM. As a result, expression of the maturation program is initiated.

INTRODUCTION
A variety of agents are capable of inducing the differentiation

of murine and human myeloid leukemia cells to tnonocyte/
macrophage-like cells or to granulocytes (for reviews see Refs.
1-3). Among these agents are the DNA-specific antineoplastic
drugs, which induce leukemic cell maturation in conjunction
with the natural differentiation factors present in FBS3 or in

CM (1). The two components interact synergistically (4) and
differentiation can, therefore, be induced at concentrations at
which neither drug nor factor, administered alone, are capable
of effecting differentiation to a significant extent.

Since maturation is accompanied by the loss of proliferative
capacity, a differentiation-centered approach based on drug-
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factor interactions holds significant promise for therapeutic
exploitation.

The present study was undertaken to examine the mechanism
by which the differentiation-enhancing interaction between
drugs and factors is brought about.

MATERIALS AND METHODS
Materials. FBS was purchased from Grand Island Biological Co.,

Grand Island, NY. Actinomycin D and daunomycin were supplied by
Sigma Chemical Co., St. Louis, MO. Buffy coats from the blood of
healthy human volunteers were furnished by the Roswell Park Memo
rial Institute Blood Bank (RPMI, Buffalo, NY) and CM was prepared
as described previously (5). Bovine erythrocytes were supplied by the
Springville Laboratories of RPMI, Springville, NY, and rabbit anti-
bovine erythrocyte antibodies were prepared by Dr. J. Minowada,
Hayashibara Institute, Okayama, Japan. Liquiscint 2 scintillation fluid
was purchased from National Diagnostics, Somerville, NJ.

All oncogene probes used were supplied by Oncor, Inc., Gaithersburg,
MD. [a-32P]TTP (800 Ci/mmol) and [5-3H]uridine (29 Ci/mmol) were

obtained from Amersham Corp., Arlington Heights, IL. DNase I was
supplied by Worthington Biochemical Corp., Freehold, NJ; DNA po-
lymerase was supplied by Boehringer Mannheim, Inc., Mannheim,
West Germany. Oligodeoxythymidylic acid cellulose was obtained from
Collaborative Research, Lexington, MA, and nitrocellulose membrane
filters were obtained from Schleicher and Schnell. Keene, NH.

Cell Culture. ML-1 cells were maintained in suspension culture in
RPMI 1640 medium supplemented with 7.5% dialyzed, heat-inacti
vated FBS, as described previously (6). The cultures were incubated at
37Â°Cin a humidified, 5% CO2 atmosphere.

Cell numbers were counted with a hemocytometer and viability was
estimated by trypan blue dye exclusion. The cumulative cell number
was calculated by multiplying the cell counts by the dilution factor
derived from refeeding the cultures.

Differentiation-associated Characteristics. Fc receptors were deter
mined using the standard technique for erythrocyte-antibody rosette
formation described previously (6). Cells with at least eight attached
erythrocytes were scored as Fc receptor positive. Acid phosphatase
activity was determined by measuring the enzymatic hydrolysis of p-
nitrophenyl phosphate (7), and a-naphthyl acetate esterase activity was
tested with a Sigma esterase kit. Morphological differentiation was
monitored by examining Wright-Giemsa-stained slide preparations as
described previously (6).

Cell Cycle Distribution. Cell cycle distribution was determined by
flow cytometry, after staining the cells with the DNA-specific fluoro-
chrome 4',6-diamidino-2-phenylindole in the presence of 0.2% Triton
X-100. Fluorescence intensity was measured as described previously
(4).

RNA Synthesis. Total RNA synthesis was evaluated by labeling ML-
1 cells for l h with 20 /Â¿Ci/mlof [5-3H]uridine. The cells were washed
with phosphate-buffered saline [0.8% NaCl, 0.115% NaPO4, 0.02%
KH2PO4,0.02% KC1(pH 7.5)] and 5 ml of cold 5% trichloroacetic acid
was added. The preparation was kept standing for 20 min in an ice
bath, and was then filtered through a Whatman GF/C filter. The filter
preparation was washed three times with 5-ml volumes of cold 5%
trichloroacetic acid and twice with absolute ethanol. The radioactivity
remaining on the filters was then determined in a scintillation counter,
using Liquiscint 2 as the counting solution.

To measure the synthesis of rapidly turning over mRNA, cells were
labeled for l h with [5-3H]uridine (20 //Ci/ml). The synthesis of total

mRNA was measured by labeling the cells for 15 h. RNA was extracted
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using a concentrated Nal solution and mRNA was selectively bound to
nitrocellulose sheets (8). The sheets were washed with RNase-free water
and 70% ethanol, and the immobilized mRNA was quantitated by
liquid scintillation counting.

Assay of oncogene-specific mRNA. Probes were labeled by standard
nick translation using [a-32P]TTP, and poly (A)+ mRNA was blotted

and hybridized to radiolabeled DNA probes as described previously (9).
The filters were exposed to XAR-5 film at â€”70'C, using Optex High

Plus intensifying screens. The oncogene levels were quantitated by
densitometric scanning of the autoradiographs.

RESULTS

Effect of Sequence of Drug and CM Application on ML-1 Cell
Differentiation. When a culture of ML-1 cells was grown for 6
days in RPM1 1640 medium containing 7.5% FBS, approxi
mately 9% of the total cell population displayed Fc receptors
and 5% showed morphological characteristics of the more
mature promonocyte stage (Table 1, regimen 1). In the presence
of 1.1 x 10~'Â°M actinomycin D for 3 days (regimens 2 and 3)

this fraction of differentiated cells did not increase significantly.
When the drug was added for an additional 3 days (regimen 4),
the differentiated cell fraction increased very slightly. At the
concentration of actinomycin D used, cell viability was in excess
of 95%, although cell proliferation (Column 2) decreased (reg
imens 2-4).

Treatment of the cells with one dose of 4% CM for 3 days
(regimens 5 and 6) caused no significant increase in the number
of differentiated cells, whereas the administration of a second
dose of CM on Day 3 (regimen 7) caused the maturation (by
Fc) of 62% of the cell population. Treatment of the cells for 3
days with 1.1 x 10~'Â°M actinomycin D, followed by a 3-day

exposure to 4% CM (regimen 8) resulted in a pronounced
increase in differentiation, 75% of the cells displaying Fc recep
tors and 81% maturing to promonocytes, monocytes, or mac
rophages (Column 5). The administration of CM prior to
actinomycin D (regimen 9) proved to be ineffective for matura
tion induction, but when the drug and CM were administered
simultaneously (regimen 10) approximately 68% of the cells
displayed Fc receptors.

Daunomycin, another clinically effective antineoplastic
agent, behaved similarly to actinomycin D, insofar as the drug,
given alone (regimen 11), was ineffective in inducing differen
tiation, whereas in combination with CM, administered sequen

tially (regimen 12) or jointly (regimen 13), extensive maturation
resulted. The two treatments differed in the extent of morpho
logical maturation that resulted (Column 5). This difference is
ascribable to the fact that regimen 12 was applied over 6 days,
whereas regimen 13 was scored on Day 3. The level of Fc
receptors, the early marker of differentiation, was the same in
both instances. When the daunomycin-CM combination was
applied for 6 days (regimen 14), the percentage of mature cells
was similar to that in regimen 12. A similar result was obtained
when the actinomycin D + CM combination (regimen 10) was
applied for 6 days.

The extent to which the various regimens induced cell differ
entiation is also reflected by functional alterations that include
a-naphthyl acetate esterase and acid phosphatase activity (Table
1).

Fig. 1 shows that the length of pretreatment with drug does
not significantly affect the fraction of differentiated cells that
emerge after exposure to CM for 2 days (A-D). However, when
the drug is removed, the percentage of cells that differentiate
upon treatment with CM is decreased as a function of the drug-
free time interval (E-G). When reexposed to drug (H), the cells'

sensitivity to induction of maturation by CM is restored. Dau
nomycin provided a quite similar pattern of response (data not
shown). These results demonstrate that drug-induced scusili
zation is reversible.

Effect of Drug on Cell Cycle Progression. To determine the
effect the low drug concentrations used exert on the cycle
progression of ML-1 cells, their DNA content distribution was
measured by cytofluorometry. As shown in Fig. 2A, few of the
ML-1 cells in the exponentially growing culture accumulated
in G2-M. Exposing the cells for 2 days to actinomycin D caused

them to accumulate in GI (Fig. 2B). The same result was
obtained when the cells were kept for 2 days in serum-free
RPMI 1640 medium (Fig. 2C). At the concentration used (5.6
x 10~9) treatment with daunomycin arrested the cells not only

in GI, but additionally introduced some block at G2-M (Fig.
20).

Effect of Drug or CM on RNA Synthesis. By intercalating
into DNA, actinomycin D as well as daunomycin prevent
appropriate transcription, and the differentiation-enhancing ac
tivity of these DNA-specific agents was considered likely to
derive from their effect on DNA-dependent RNA synthesis.
Total and mRNA synthesis were measured as a function of

Table 1 Effect of sequence of application of various combinations of actinomycin D, daunomycin, and CM on the proliferation and differentiation ofML-i cells
Cultures were inoculated with 3 x 10*cells/ml and incubated for 3 or 6 days in the absence or presence of 1.1 x 10~'Â°M actinomycin D. 5.6 x 10"* M daunomycin,

or 4% CM. On Day 3, the cultures were washed twice with fresh medium, the cell density adjusted to 3 x 10' cells/ml, and the cultures reincubated in the presence

or absence of the same concentration of drug or CM

AdditionsonRegimen1234567891011121314Days

1-3NoneActinomycin

DNoneActinomycin

DCMNoneCMActinomycin

DCMNoneDaunomycinDaunomycinNoneDaunomycin

+ CMDays

4-6NoneNoneActinomycin

DActinomycin
DNoneCMCMCMActinomycin

DActinomycin
D +CMNoneCMDaunomycin

+CMDaunomycin
+ CMCumulativecell

no.onDay
6(xlO'/ml)63.632.641.617.648.354.019.516.427.822.825.912.716.29.9Cells

withFc

receptors(%)8.78.19.99.88.69.461.675.411.567.811.872.871.279.9n-Naphthylacetatees
terase(%)4.14.04.88.35.24.318.451.26.242.47.453.948.161.3Acid

phosphataseactivity
(ninni'min/10'

cells)48.059.750.267.953.349.3155.7256.477.8205.162.7311.9260.0362.1Morphological

change
(% of total cellno.)Bl"9593958896967419937691286717Pmo575124420366169412628Mo00000053618024641M0000000190007114

" Bl, blastic cells; Pmo; promonocytic cells; Mo. monocytic cells; Me, macrophage-like cells.

6312

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2424613/cr04612p16311.pdf by guest on 19 M

ay 2023



AGENTS AND FACTORS IN LEUKEMIC CELL MATURATION

10 20 30 40 50 60 70

% of Cells with
Fc Receptors

Fig. I. Effect of schedule of pretreatment with actinomycin D on the ability
of ML-1 leukemia cells to differentiate upon exposure to conditioned medium.
The numerals shown in the bars indicate the number of days the cells were
cultured successively in:Q, presence of 1.1 x 10"'Â°M actinomycin D;H, presence

of 4% conditioned medium; D, absence of actinomycin D or conditioned medium;
D. presence of either actinomycin D or conditioned medium.

Relative DNA Content
Fig. 2. DNA content distribution in a population of ML-1 cells in logarithmic

growth (A), or after culture for 2 days in the presence of 1.1 x 10~'Â°M actinomycin
D (B), seru.ii-free medium (O or 5.6 x 10~' M daunomycin (D).

drug concentration and, as shown in Fig. 3A, treatment of the
cells for 2 days with 1 x 10~'Â°M actinomycin D decreased

uridine incorporation into total RNA by 38%, whereas incor
poration into mRNA was decreased by 87%. Since these data
were determined by applying radiolabeled uridine for only 1 h,
the latter decrease reflects the effect of drug primarily on short
lived mRNA. When exposed to label for 16 h, incorporation
into mRNA was decreased by only 45%. The decrease in rapidly
turning-over mRNA appears to correlate well with the increase
in differentiated cells obtained upon addition of CM (Fig. 3B).

The decline in mRNA synthesis following exposure to the
drug was relatively rapid, amounting to approximately 55%
after 12 h (Fig. 3C). When the cells exposed to actinomycin D
were washed on Day 2 and treated with CM for an additional
2 days, no increase in mRNA synthesis occurred (Fig. 3 C), but
cell maturation proceeded (Fig. 3D). In contrast, in the absence
of CM, mRNA synthesis began to recover (Fig. 3C) along with
resumption of growth (Table 1; Column 2, regimen 2 versus
regimen 8).

Like actinomycin D, daunomycin affected mRNA synthesis

05 1

ActinomycinD UtO M)

Fig. 3. Effect of pretreatment of ML-1 cells with actinomycin D on the
synthesis of total RNA and mKVV and on the subsequent induction of differen
tiation induced with CM. I. inhibition of RNA synthesis as a function of
actinomycin D concentration. Cells were treated for 2 days with various concen
trations of the drug, washed twice with medium and incubated with |5-3H]uridine
for l h to determine total RNA (â€¢)and short-lived mRNA (A) or for 16 h to
determine bulk mRNA (A). (O) denotes cell number. Each value represents the
mean Â±SD of three determinations. B, extent of CM-induced differentiation as
a function of the pretreatment concentration of actinomycin D. Cells were exposed
to drug for 2 days, washed twice with medium and cultured for 3 days in the
presence (D) or absence (â€¢)of 4% CM. C, inhibition of mRNA synthesis as a
function of length of exposure to actinomycin D. Cells were cultured in thepresence of 1.1 x 10~'Â°M actinomycin D for the indicated periods of time, and
[5-3H]uridine incorporation into mRNA (A) was measured after l h of labeling.

After washing, the cells were cultured for an additional 2 days in the presence (D)
or absence (T) of 4% CM. D, extent of cell differentiation under the conditions
of Fig.3C as measured by acid phosphatase activity. A, cells cultured in thepresence of 1.1 x 10~'Â°M actinomycin D for the indicated length of time; cells

cultured in the presence (D) or absence (T) of 4% conditioned medium.

more extensively than it did the synthesis of total RNA. At 4
x IO"9 M, daunomycin inhibited total RNA synthesis by 42%,

in contrast to mRNA, which was inhibited by 80% (data not
shown).

Effect of Drug or CM on the Levels of Oncogene-Specified
mRNA. Since the half-life of protooncogene mRNAs appear to
be rather short (10-12) the effect of drug or CM on the level of
some of these mRNAs was examined in ML-1 cells treated with
the low concentrations of actinomycin D or daunomycin that
induce differentiation only when administered in combination
with CM. As shown in Table 2, both actinomycin D and
daunomycin caused a significant decrease in the level of mRNA
specified by the seven oncogenes examined, the decrease rang
ing from 15-59%. CM, administered alone, did not affect these
levels, but in combination with the drug it decreased the mRNA
specified by some oncogenes (myb, myc) below the level reached
by drug treatment alone. In contrast, CM increased the concen
tration of tv/os-specified mRNA, but did not alter the concen
tration of c-aW-specific mRNA. This further change in mRNA
levels brought about by addition of CM following the drugs
implies that the drugs lower transcription in a general way,
whereas CM acts more specifically by affecting the expression
of selected genes (Table 2, Columns 2-4). It remains to be
established whether this alteration is a determinant or a con
sequence of differentiation.

DISCUSSION

The data furnished by this study provide information on the
mechanism by which DNA-specific antineoplastic agents inter
act with natural differentiation-inducing factors to facilitate
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Table 2 Effect of differentiation-sensitizing concentrations ofactinomycin D or daunomycin on the level ofmRNA specified by some oncogene*" in ML-1 cells

Mil cells were cultured for 2 days with drug or CM. Growth was inhibited to a similar extent by the indicated concentration of the drugs, whereas treatment
with CM alone did not affect cell growth significantly. The values given are based on dot blots from three separate experiments, eight dots being measured for each
oncogene in each experiment.

Percentage of control

TreatmentActinomycin
D (1.1 X 10~'Â°M)

Daunomycin (3.8 x 10'' M)

CM (4%)
Actinomycin D for 2 days fol

lowed by CM for 2 daysmyb63.1

Â±3.6*

67.4 Â±4.1
97.6 Â±4.5
44.2 Â±3.8myc73.5

Â±5.3
74.4 Â±6.9
98.1 Â±6.7
51.6 Â±4.4obi76.9

Â±8.1
79.9 Â±7.7
98.7 Â±7.1
82.6 Â±7.3fos85.5

Â±9.1
84.6 Â±9.0
99.1 Â±2.4

236.4 Â±7.6N-roi65.3

Â±7.1
65.0 Â±6.7

ND'

NDsis57.3

Â±4.9
59.7 Â±5.0

ND
NDerbB41.0

Â±5.2
42.1 Â±4.6

ND
ND

" Each oncogene is mRNA specific.
* Mean Â±SD.
' ND, not determined.

leukemic cell differentiation. Primary among the conclusions
that can be drawn is the recognition that the drugs sensitize the
leukemic cells to respond to concentrations of differentiation-
inducing factors that, applied by themselves, are ineffective in
bringing about the maturation process. This sensitization is
indicated to derive from the lowering of mRNA synthesis
brought about by the DNA-specific agents (Fig. 3). Short-lived
mRNAs are expected to be depleted most rapidly, and the
relatively rapid decline in the levels of oncogene-specific mRNA
(Table 2) appears to be a reflection of their relatively short half-
lives (10-12). The observed differences in their rate of decay
following drug treatment may, in fact, be a measure of their
turnover rate. Some oncogene products have variously been
demonstrated to participate in the maintenance of cell prolif
eration by facilitating (.,-S transit (13), and the decline in
oncogene-related mRNA would, then, be expected to lead to
the accumulation of the drug-treated cells in d, as was ob
served. Gi-S transit has been indicated to rely on the presence
of elevated levels of labile proteins (14), and the drug-dependent
interference with mRNA transcription is bound to affect these,
whether or not they are oncogene products. But accumulation
of the cells in d does not suffice for initiating cell differentia
tion. For that event to occur, differentiation-inducing factors
need to be presented to the cells (Table 1, regimens 2 and 11
versus regimens 8 and 12). The drug-induced reduction of the
mRNA level merely sensitizes the cells to respond to lower
concentrations of differentiation-inducing factors than are oth
erwise required. Proliferation-associated mRNA is considered
more labile than differentiation-associated mRNA (15), and the
retention of a decreased level ofmRNA synthesis after initiation
of differentiation (Fig. 3) is compatible with this view.

The previously observed (16-18) ability of actinomycin D
and other chemotherapeutic agents to restore the maturation
capacity of mouse myeloid leukemia cells resistant to initiation
of differentiation may well have been derived from mechanisms
similar to the ones reported in this paper.

The very selective effect CM exerts on the level of mRNA
specified by different oncogenes (Table 2) demonstrates anew
that the expression of these oncogenes changes with the state
of cell maturation and suggests that different proliferation-
related oncogenes may be expressed at different stages of cell
maturation (9, 19-23).

The drug-induced sensitizaf ion of leukemic cells to the action
of natural differentiation factors entails an obvious therapeutic
potential. The inability of ML-1 leukemic cells to mature in the
absence of drug mimics in vivo conditions, where lack of leu
kemic cell differentiation can be derived from decreased sensi
tivity to the differentiation-inducing signal or from the inade
quate elaboration of differentiation factors by the host (1).
These deficiencies can be overcome when differentiation factors

are supplied at elevated concentrations (5), or when the cells'

requirement for elevated levels of the factors is reduced by the
presence of DNA-specific drugs (24, 25). It is possible that the
long-term remissions that ensue following drug treatment of
clinical leukemias are the result not so much of cytoreduction,
which leads to only incomplete eradication of the tumor cell
population, but to differentiation made possible by the drug-
induced sensitization of the tumor cells to the action of natural
maturation factors. Since sensitization requires the use of only
minimally toxic drug concentrations, the approach is preferred
over maximally tolerated dose regimens that are highly toxic
to the host and are destructive of the factor-producing cells as
well. Where a shortage of differentiation factors is responsible
for the emergence of neoplastic cells, the use of parenterally
administered factors would constitute a suitable auxiliary mo
dality.
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