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Abstract. We have previously demonstrated
that continuous exposure of human HL-60 human
promyelocytes to 1-fl-D-arabinofuranosylcytosine (ara-
C) results in the induction of terminal differentiation to
monocyte-like cells. The present study extends these
findings by demonstrating that ara-C induces hemoglobin
synthesis in human K562 erythroleukemia cells. This
effect occurs maximally at an ara-C concentration (5
X lo- M) that results in K562 cytostasis. In contrast
to the reversible effects of hemin and hydroxyurea on
globin synthesis in this cell line, we have found that the
induction of K562 hemoglobin synthesis by ara-C is
irreversible. An induction of K562 hemoglobin synthesis
also occurs with aphidicolin, another inhibitor of S-
phase DNA synthesis, but not with vinblastine, an
inhibitor of mitosis. Finally, ara-C induction of a differ-
entiated K562 phenotype is accompanied by the loss of
self-renewal capacity, a finding consistent with terminal
differentiation.

Introduction

l-fl-D-arabinofuranosylcytosine (ara-C)' is one of the most
effective agents in the treatment of human acute myelogenous
leukemia (1). The basis for this selectivity against leukemic
cells has remained unclear. Ara-C incorporates specifically into
DNA, but not into RNA, of human myeloblasts (2). The
incorporated ara-C residue behaves as a relative chain termi-
nator, and the extent of ara-C incorporation into DNAcorre-
lates significantly with inhibition of DNA synthesis (3). The
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1. Abbreviation used in this paper: ara-C, I-l-D-arabinofuranosylcytosine.

inhibition of replicative DNAsynthesis by ara-C causes DNA
fragmentation (4). Furthermore, there is a highly significant
relationship between the incorporation of ara-C into DNAand
the loss of leukemic cell clonogenic survival (2, 5, 6). These
findings have suggested that the incorporation of ara-C into
leukemic cell DNA is responsible for cytotoxicity.

An inhibition of DNAsynthesis by sublethal doses of ara-
C is associated with the induction of differentiation in HL-60
human promyelocytic leukemic cells (7). Similar phenotypic
changes have been observed with aphidicolin, an inhibitor of
DNApolymerase-a, which is not incorporated into DNA(8).
The induction of differentiation by both of these agents has
been accompanied by the loss of clonogenic survival, suggesting
that terminal differentiation of HL-60 cells can be induced by
drugs known to inhibit DNAsynthesis. It is not clear, however,
whether this effect contributes to decreases in the self-renewal
capacity of acute myeloblastic leukemia cells after ara-C treat-
ment (9).

The K562 human leukemic cell line was established from
a patient with chronic myelogenous leukemia (10). K562 cells
can be induced by hemin to form embryonic and fetal
hemoglobins (11-13). The induction of K562 cells by hemin
has been shown to be mediated at a transcriptional level (14),
with increases in both the rate of transcription and the level
of accumulation of r-, e-, y- and a-globin messenger RNAs
(15). In contrast, treatment with hydroxyurea has resulted in
an increase in the rate of transcription of primarily the t- and
E-globin genes (15). Furthermore, the effects of hemin and
hydroxyurea on the induction of K562 globin synthesis have
been found to be reversible and therefore not associated with
the induction of terminal differentiation (12, 16).

This report extends our previous findings in HL-60 cells
by monitoring the effects of ara-C on the induction of differ-
entiation in K562 cells. The results demonstrate that ara-C is
a potent inducer of K562 hemoglobin expression and that, in
contrast to the effects hemin and hydroxyurea, this effect is
irreversible. Furthermore, the appearance of a differentiated
K562 phenotype is associated with the loss of clonogenic
survival, suggesting that ara-C treatment results in terminal
differentiation. These findings are compared with those obtained
with other inhibitors of cellular proliferation.
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Methods

Cell culture. K562 cells (obtained from Drs. Lozzio, Knoxville, TE
and the Institute for Medical Research, Camden, NJ) were maintained
at a density of 1-2 X 105 cells/ml in RPMI 1640 medium (Flow
Laboratories Inc., McLean, VA) containing 2 mML-glutamine and
1%penicillin/streptomycin (both from Gibco Laboratories, Gibco Div.,
Grand Island, NY), and 10% heat-inactivated fetal bovine serum (Flow
Laboratories Inc.), in a 5% CO2 humidified atmosphere at 370C. The
K562 cells were grown in suspension culture in the presence of varying
concentrations of ara-C (Sigma Chemical Co., St. Louis, MO), aphi-
dicolin (NSC-234714; provided by Dr. J. Douros, National Cancer
Institute, Bethesda, MD), hydroxyurea, or vinblastine (both from
Sigma Chemical Co.). Cultures were scored for benzidine-positive cells
by the wet benzidine method (17). Viability was monitored by trypan
blue exclusion.

Clonogenic survival of K562 cells. K562 cells in logarithmic growth
phase were harvested and resuspended in complete medium (I X l0

cells/ml). Ara-C (5 X 10-' M) was added and the cells were incubated
for 12-120 h. After drug exposure, cells were pelleted, washed in
phosphate-buffered saline, and resuspended in drug-free medium. Cells
(3 X 103) were plated in 0.4% Bacto-Agar (Difco Laboratories Inc.,
Detroit, MI) containing RPMI 1640 medium, 10% fetal bovine serum,
2 mMLglutamine, and 1% penicillin/streptomycin. Colonies that
contained 50 cells or more were scored after 7 d. Clonogenicity was

determined as the percentage colonies formed by drug-treated cells
compared with those formed by untreated cells. Cloning efficiency of
untreated K562 cells was 15%.

Gel electrophoresis. Electrophoresis of cell lysates was carried out
in sodium dodecyl sulfate (SDS)-15% polyacrylamide gels (18, 19).
Cell lysates were prepared by washing the cell pellets twice in cold
phosphate-buffered saline and resuspending them in SDS sample
solution (19). Proteins were detected by staining with Coomassie
Brilliant Blue R.
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Figure 2. Effect of ara-C on percentage and absolute number of
benzidine-positive cells. K562 cells (2 X 105/ml) were exposed to
varying concentrations of ara-C for 120 h. The percentage of benzi-
dine-positive cells was determined by the wet benzidine method (17).
The absolute number of benzidine-positive cells was determined by
multiplication of the number of viable cells by the percentage of
benzidine-positive cells.

Results

K562 cells were exposed to concentrations of ara-C ranging
from 10-8 to IO-' Mfor 24-120 h. Fig. I illustrates the effect
of drug exposure on cell proliferation. Ara-C concentrations
of 10-8 and 10-7 M partially slowed cell growth, whereas
concentrations of 10-6 and 10-s Mresulted in the loss of cell
viability. Static cell concentrations without evidence of lethality

4

0)

C.)

_0
._

0Co

c
._

N
c

mCs

24 48 72 96 120 144

CD

CD
5.

_.
-0
0

C)

CD
0

0)

x

0
0

24 48 72 96 120

Hours

Figure 1. Inhibition of K562 cell growth by ara-C. K562 cells (2
X l0' ml) either received no treatment (i) or were exposed to ara-C
at concentrations of 10-8 (A), 10-7 (i), 5 X 10-7 (0), 10-6 (o), or I 0s
M(A). Viability as determined by trypan blue exclusion was >95% at
120 h of exposure to 5 X 10-7 Mara-C.

Hours

Figure 3. Effect of duration of ara-C treatment on benzidine-positive
cells. K562 cells (2 X 105/ml) were exposed to 5 X 10-7 Mara-C for
24 to 144 h. The percentage benzidine-positive cells was determined
by the wet benzidine method at the indicated times. The absolute
number of benzidine-positive cells was calculated by multiplication of
the number of viable cells by the percentage of benzidine-positive
cells.
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Figure 5. Commitment af-
ter exposure to varying du-
rations of ara-C treatment.
K562 cells were exposed to
5 X 10' Mara-C for from
0 to 120 h. At the times
indicated, the cells were
harvested, washed, and re-
suspended in drug-free me-
dium. The percentage ben-
zidine-positive cells was
monitored for each group
after a total incubation of

The results represent the

by trypan blue exclusion were achieved by exposure to 5
X 10-7 Mara-C.

The effects of ara-C on the appearance of a differentiated
K562 phenotype was next examined at drug concentrations of
10-8 to 5 X 10-6 M. Benzidine-positive cells were scored at
120 h. The results obtained are illustrated in Fig. 2. There was
a progressive increase in the percentage of benzidine-positive
cells at concentrations of 10-8 to 5 X 10-7 M ara-C, with
>50% of the cells expressing a differentiated phenotype. In
contrast, higher concentrations of ara-C resulted in progressive
declines in the percentage of benzidine-positive cells. The
absolute number of differentiated cells was calculated by the
multiplication of the number of viable cells by the percentage
of benzidine-positive cells. The results demonstrate an absolute
increase in benzidine-positive cells which was maximal at 5
X l0-7 Mara-C and declined with higher drug exposures (Fig.
2). An absolute increase in benzidine-positive cells excludes
the possibility of a selective loss of more rapidly proliferating
and undifferentiated cells during drug exposure.

The effects of duration of drug exposure on the induction
of benzidine-positive K562 cells were monitored from 24 to
144 h. The increase in percentage of benzidine-positive cells
was linear during exposure to 5 X l0-7 M ara-C (Fig. 3).
Similarly, the increase in the absolute number of benzidine-
positive cells was also linear, with the exception of the 144-h
drug exposure, which resulted in a loss of cell viability. Thus,
the accumulation of benzidine-positive K562 cells by ara-C is
maximal at a concentration resulting in cytostatic cell growth,
and the percentage benzidine-positive cells is linear through
144 h of drug exposure.

The induction of K562 hemoglobin synthesis by ara-C was
further evaluated by polyacrylamide gel electrophoresis (Fig.

Figure 4. Gel electrophoresis of K562 cells. K562 cells (5 x 10'/ml)
received either no treatment (lane B), treatment with 20 uM hemin
for 6 d (lane C), or treatment with 5 X 10' Mara-C for 6 d (lane
D). Lanes A and E represent globin preparations from human umbil-
ical cord blood (28).
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Figure 6. Irreversibility of fetal globin synthesis
after exposure to ara-C. K562 cells (5 X 104/ml)
received either no treatment (lane B), treatment
with 20 MMhemin for 72 h (lane C), or treat-
ment with 5 X 10-7 Mara-C for 72 h (lane D).
The cells were then washed twice and resuspended
in drug-free medium for an additional 3 d. The
untreated cells (lane E), hemin treated cells (lane
F), and the ara-C treated cells (lane G) were then
analyzed for the presence of globin. Lane A repre-
sents a globin preparation from human umbilical
cord blood.
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4). The K562 cells were incubated in 5 X 10-7 M ara-C for
144 h. The results obtained demonstrate the synthesis of a
protein that is undetectable in uninduced K562 cells and that
comigrates with globin from human umbilical cord blood. A
similar induction of globin synthesis occurred in K562 cells
treated with 20 ,uM hemin for 6 d (Fig. 4). These results agree
with the increase in benzidine-positive cells after ara-C treatment
and support the finding that ara-C, like hemin, induces the
synthesis of hemoglobin.

Since the induction of K562 hemoglobin synthesis by
hemin and hydroxyurea is reversible, it was of interest to
determine whether the removal of ara-C after induction would
also result in a loss of detectable globin. K562 cells were
exposed to 5 X 10-7 Mara-C for from 12 to 120 h. The cells
were then washed, resuspended in complete drug-free medium,
and assayed for benzidine-positive cells at 120 h. The results
demonstrate that exposures of 12 and 24 h were sufficient to
result in a significant increase in benzidine-positive cells after
reculturing in the absence of drug (Fig. 5). Furthermore, 48 h
of ara-C exposure resulted in >70% benzidine-positive cells, a
finding comparable to that obtained with exposures of 72, 96,
and 120 h. These results indicate that shorter exposures of up
to 48 h are sufficient to induce maximally hemoglobin synthesis.

The irreversible induction of hemoglobin synthesis in K562
cells by ara-C was confirmed by polyacrylamide gel electro-
phoresis (Fig. 6). Globin synthesis was detectable in cells
treated with ara-C or hemin for 72 h. These cells were then
washed free of inducer and maintained in drug-free medium
for an additional 3 d. Under these experimental conditions,
globin synthesis was detectable in ara-C treated cells but not
in the hemin-treated cells. This finding confirms the reversible
induction of globin synthesis by hemin and demonstrates the
irreversible induction by ara-C.

The irreversible induction of hemoglobin synthesis by ara-
C suggested that this effect could be associated with terminal
differentiation. The K562 cells were treated with 5 X 10-7 M
ara-C for from 12 to 120 h. Cells were then washed free of
drug and monitored for clonogenic survival. The results ob-
tained are illustrated in Fig. 7. A 24-h exposure to ara-C
resulted in >70% loss of clonogenic survival, whereas a 48-h
exposure reduced self-renewal capacity by >95%. These obser-
vations indicate that the induction of hemoglobin synthesis by
ara-C is associated with a terminal process.

It was also interesting to compare these effects of ara-C
with those of other inhibitors of DNA synthesis. A 5-d
exposure to varying concentrations of hydroxyurea (1 0' to 5
X 10-3 M) resulted in -20% benzidine-positive cells (Fig. 8).
In contrast, a 5-d exposure to aphidicolin (5 X 10-7 to 10-3
M) resulted in almost 50% benzidine positive-cells at a con-
centration of 5 X 10-s M. Maximum induction of benzidine-
positive cells occurred at concentrations of hydroxyurea and
aphidicolin that resulted in cytostasis. The results obtained
with aphidicolin were similar to those obtained with ara-C,
whereas both ara-C and aphidicolin were more effective in

100 Figure 7. Effect of ara-C on
.> \ K562 clonogenic survival.

K562 cells were treated
co >\ with 5 X 10' Mara-C for

o10 12 to 120 h. At the indi-
o \+> cated times, the cells were
0 \ harvested, washed, and

plated in agar. The number
of colonies containing 50

24 48 72 96 1 20 or more cells was deter-
Hours mined after 7 d. Results are

expressed as the mean±SD of four determinations.

inducing hemoglobin synthesis than was hydroxyurea. In con-
trast, hemoglobin synthesis was not detectable by benzidine
staining (data not shown) after similar 5-d exposures to varying
concentrations of vinblastine (range: 10`0 to 5 X l0-4 M;
cytostatic: 1 X 10-8 M).

Discussion

Although a variety of chemotherapeutic agents can induce
human myeloid leukemia cell differentiation (20, 21), their
biochemical mechanisms of action vary considerably. Wehave
employed defined inhibitors of DNA synthesis to determine
whether the inhibition of DNAreplication at the level of the
DNApolymerase-template complex can result in HL-60 dif-
ferentiation. Previous studies with ara-C and aphidicolin dem-
onstrated the induction of HL-60 differentiation along a mono-
cytic lineage (7). The findings were consistent with a terminal
process since the appearance of a mature phenotype was
associated with a loss of self-renewal capacity. The use of
higher drug concentrations resulted in immediate cell lethality
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Figure 8. Effect of aphidicolin and hydroxyurea on percentage benzi-
dine-positive K562 cells. K562 cells were exposed to varying concen-
trations of aphidicolin (A) or hydroxyurea (i) for 120 h. Cells were
then monitored by the wet benzidine method.
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and precluded the appearance of monocyte differentiation
markers.

The present studies have monitored the effects of ara-C on
the induction of hemoglobin in the K562 erythroleukemia cell
line. The results are similar in certain respects to those
obtained in our previous studies. Ara-C treatment of K562
cells resulted in the appearance of a differentiated phenotype,
as determined by accumulation of hemoglobin. This effect was
maximal at an ara-C concentration (5 X 10-' M) that resulted
in K562 cytostasis. Higher concentrations of drug resulted in
cell lethality and a decrease in the percentage of benzidine-
positive cells. Of particular interest is the demonstration that
this effect was irreversible, a finding that contrasts with the
reversible effects of hemin and hydroxyurea on hemoglobin
synthesis in this cell line (12, 16). More important, the
induction of a differentiated K562 phenotype by ara-C was
accompanied by the loss of self-renewal capacity, an observation
consistent with a process of terminal differentiation.

Previous studies have shown that the inhibition of eukary-
otic DNA replication results in an aberrant form of DNA
synthesis, with certain segments of DNAbeing replicated more
than once in a single cell cycle (22-24). This form of aberrant
DNAsynthesis occurs after the inhibition of DNAreplication
by ara-C (22, 23). The additional copies of certain segments
of DNAmight result in the accumulation of DNAfragments
and an alteration of gene expression. We have previously
shown that both ara-C and aphidicolin cause an accumulation
of DNAstrand breaks in replicating DNA(4). Although it is
not clear what mechanism is responsible for altered gene
expression during the treatment of HL-60 and K562 cells with
ara-C, other inhibitors of S-phase DNA replication, such as
aphidicolin and hydroxyurea, can induce similar phenotypic
changes. The induction of K562 hemoglobin synthesis, however,
has not been detectable after the treatment of these cells with
nonlethal concentrations of vinblastine, an inhibitor of mitosis.
Studies are in progress to determine more precisely the types
of globin chains induced by ara-C and whether these genes are
amplified by inhibition of replicative DNAsynthesis.

Finally, the induction of leukemia cell differentiation by
ara-C and other chemotherapeutic agents known to inhibit
DNA synthesis has not as yet been shown to occur in the
clinical setting. Thus, the present findings may be limited to
human leukemic cell lines established for long-term growth in
tissue culture. Although low doses of ara-C have recently been
used successfully in the treatment of preleukemia and acute
leukemia (25-27), this effect probably occurs as a result of
clonal selection rather than of induction of terminal differen-
tiation. Further clinical studies are required to address this
issue.
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