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ABSTRACT

The sensitivity of human leukemia K562 cells to cancer che-

motherapeutic drugs during induction of erythroid differentiation
of the cells by hemin was examined. Treatment with hemin
greatly increased the sensitivity of the cells to 1-ÃŸ-D-arabinofu-
ranosylcytosine (ara-C) but did not affect their sensitivities to
other chemotherapeutic drugs, including Adriamycin, daunomy-

cin, hydroxyurea, methotrexate, and vincristine. Thymidine and
deoxyguanosine, which are known to potentiate the antileukemic
effects of ara-C in K562 cells, also induced erythroid differentia

tion of K562 cells, but other inducers, such as sodium butyrate
and 5-aminolevulinic acid, did not increase the sensitivity of K562
cells to ara-C. Hemin did not enhance the sensitivity to ara-C of

other leukemia cell lines (Friend erythroleukemic cells, myeloid
leukemic M1 cells, and promyelocytic leukemia HL-60 cells).

These results indicate that some inducers of erythroid differen
tiation of K562 cells potentiate the antileukemic effect of ara-C

on K562 cells.

INTRODUCTION

The K562 cell line was established by Lozzio and Lozzio (1)
from a patient with chronic myeloid leukemia in blast cell trans
formation, and this line has been used to study erythroid differ
entiation. Erythroid differentiation of the cells is induced by
various compounds, including hemin, sodium butyrate, 5-amino-
levulinic acid, ara-C,3 Adriamycin, and actinomycin D (2-4). Some

of the compounds that induce differentiation of K562 cells, such
as Adriamycin, ara-C, mitomycin C, and actinomycin D, are
currently used in the chemotherapy of acute leukemia and thus
may exert their therapeutic effects by causing both killing and
maturation of the leukemic cells (3, 5, 6).

We previously reported that chemotherapeutic drug-resistant
K562 cells as well as drug-sensitive K562 cells could be induced

to differentiate by various inducers (7). This finding suggests that
the mechanisms of induction of differentiation by various inducers
and of cell killing by chemotherapeutic drugs may be different.
Therefore increased antileukemic effects should be expected
with a combination of cytotoxic drugs and differentiation induc
ers.

Studies on a new approach to leukemia chemotherapy by
controlling the malignancy of leukemia cells by induction of cell
differentiation are now in progress (3, 5). We have been trying
to examine whether the induction of differentiation alters the
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properties of leukemic cells, such as sensitivities to chemother
apeutic drugs, X-irradiation, and attacks on immunity, etc.

In this study we examined the sensitivity of K562 cells to
chemotherapeutic drugs during induction of erythroid differentia
tion of the cells by hemin, which is one of the inducers that does
not involve cell killing.

MATERIALS AND METHODS

Cells and Culture Conditions. The K562 cell line was originally
established from a pleural effusion of a patient with chronic myelogenous
leukemia in terminal blast crisis (1). The K562 cell line used in this work
was provided by Dr. Takashi Tsuruo, Cancer Chemotherapy Center,
Japanese Foundation for Cancer Research, Japan, 1982 (8). Friend
erythroleukemia cells (clone 745A) were kindly supplied by Dr. Tetsuo
Ono, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan,
and were maintained in Eagle's minimum essential medium with 2-fold

concentrations of amino acids and vitamins and supplemented with 10%
heat-inactivated fetal calf serum. Human promyelocytic leukemia HL-60

cells were established from a patient with acute promyelocytic leukemia
(9). We also used M1 clone B24 cells, which were originally established
from an SL mouse with myeloid leukemia (10,11). K562 and HL-60 cells

were maintained in Roswell Park Memorial Institute Medium 1640 sup
plemented with 10% heat-inactivated fetal calf serum and kanamycin
(100 M9/mO- M1 cells were maintained in Eagle's minimum essential

medium with 2-fold concentrations of amino acids and vitamins and

supplemented with 10% calf serum. The cultures were incubated in a
humidified CO2 incubator.

Assay of Erythroid Differentiation. K562 cells (5 x 104/ml) were

incubated with or without differentiation inducer for 4 days. The erythroid
differentiation of the cells washed with PBS was scored by benzidine
staining by the procedure reported previously (2) prior to testing the drug
sensitivity of the cells.

Cell Growth and Drug Treatment. Cells (5 x 104/ml) treated with or
without differentiation inducer were cultured at 37Â°C in a Nunclon

Multidish (Nunc, Roskilde, Denmark) in 1 ml of growth medium and
treated with graded concentrations of chemotherapeutic drugs. The cells
were cultured in the presence of the drug and counted with a Coulter
Counter (Model ZBI; Counter Electronics, Inc., Hialeah, FL) 4 days after
drug treatment (8). The cytotoxic activity of the drug was measured by
determining the IC50which was obtained by plotting the logarithm of the
drug concentration versus the growth rate (percentage of control) of the
treated cells (8). The initial cell number (5 x 10") was subtracted in the

calculation.
Chemicals. ara-C, hydroxyurea, methotrexate, hemin, 5-aminolevu-

linic acid (Sigma Chemical Co., St. Louis, MO), Adriamycin (Kyowa Hakko
Co., Tokyo, Japan), daunomycin (SA. Farmaceutici, Milan, Italy), vincris
tine sulfate (Shionogi Co., Japan), and sodium n-butyrate (Wako Chem

ical Co., Japan) were used.

RESULTS

Sensitivity of Hemin-treated K562 Cells to Chemotherapeu

tic Drugs. Treatment of K562 cells with hemin (0.05 mw) induced
benzidine-positive cells but scarcely affected cell proliferation.
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These results were obtained from 3 different experiments; a
typical experiment is shown in Fig. 1. The sensitivity of hemin-
treated K562 cells to ara-C was examined. For this, cells (5 x
104 cells/ml) treated with hemin (0.05 mw) for varying lengths of

time were washed twice with PBS and then resuspended to 5 x
10" cells/ml in normal growth medium with or without ara-C (3.6
x 10~9, 3.6 x 10~8, 3.6 x 10~7, and 3.6 x 10"6 M) and incubated

for 4 days. In the absence of ara-C, the hemin-treated cells
proliferated like untreated cells; but in the presence of ara-C,

their proliferation was markedly suppressed. These results were
obtained from 3 different experiments; a typical experiment is
shown in Fig. 2. The IC50values of ara-C for hemin-treated (0.05
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Fig. 1. Effects of heminon cell growth (a)and induction of erythroid differentia
tion (b) in K562 cells. K562 cells (5 x 104cells/ml) were treated with or without
hemin (0.05 HIM)for the indicated times. O. untreated cells; â€¢,hemin-treatedcells.
Points and oars, means Â±SD for 3 independentsamples.
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Fig.2. ICÂ»of ara-C for hemin-treated K562 cells. K562 cells (5x10* cells/ml)

were treated with or without 0.05 mw hemin for varying lengths of time (see Fig.
1).The hemin-pretreatedcells were washed twice with PBS and then resuspended
to 5 x 104cells/ml in normalgrowth medium with or without ara-C(3.6 x 10~9,3.6
x 10~', 3.6 x 10~7,and 3.6 x 10~6M).The number of cells was counted 4 days
after ara-C treatment. ICsowas obtained by plotting the logarithm of the ara-C
concentration versus the growth rate (percentage of control) of the treated cells
(7).

HIM, for 96 h) and untreated cells were 1.2 x 10~8 and 7.2 x
10~7 M, respectively (Fig. 2).

On the other hand, we examined whether the sensitivity of the
hemin-treated cells to the differentiation-inducing activity of ara-
C was enhanced. The concentration of ara-C for induction of
50% of benzidine-positive cells was 5.8 x 10~7 M in untreated
K562 cells and 1.1 x 10~8 M in hemin-treated (0.05 mw, for 96

h) cells, respectively.
We examined whether the effect of hemin was reversible or

not. The benzidine-positive cells induced by hemin (0.05 mw, for

4 days) were not detected 2 days after the cells were washed
and recultured in hemin-free medium (Fig. 3a). The sensitivity of
hemin-treated cells to ara-C decreased to the level of untreated

cells 4 days after the removal of hemin (Fig. 3/>). These results
were obtained from 3 different experiments; a typical experiment
is shown in Fig. 3. These results indicate that inductions by
hemin of both erythroid maturation and ara-C sensitivity of K562

cells are reversible.
Next we examined the sensitivities of hemin-treated K562 cells

to other chemotherapeutic drugs, i.e., Adriamycin, daunomycin,
hydroxyurea, methotrexate, and vincristine. As shown in Fig. 4,
hemin did not enhance or reduce the sensitivities of K562 cells
to any of these drugs. These results were obtained from 2-3

different experiments (Fig. 4).
Correlation of Erythroid Maturation of K562 Cells Induced

by Various Inducers with Sensitivity of the Cells to ara-C.
When K562 cells (5 x 104/ml) were treated for 4 days with the

differentiation inducers hemin (0.05 rriM), sodium butyrate (0.5
HIM), a-aminolevulinic acid (0.48 HIM), and conditioned medium
from peripheral blood leukocytes of a patient with chronic mye-

lomonocytic leukemia (25%), the percentages of induced benzi
dine-positive cells were 24, 33, 32, and 31%, respectively. How
ever, only hemin increased the sensitivity of the cells to ara-C
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Fig.3. Reversibleeffects of hemin on erythroid differentiation of K562 cells (a)
and increase in sensitivity of the cells to ara-C (b). K562 cells (5 x 104cells/ml)
were treated with 0.05 mw heminfor 4 days and then washed twice with PBS and
resuspended to 5 x 104 cells/ml in hemin-free normal growth medium for the

indicated times. Points and bars in a, means Â±SD for 3 independent samples;
points in b, means for 2 independentsamples.O, untreated K562 cells; â€¢,hemin-
treated K562 cells.

CANCER RESEARCH VOL. 46 MARCH 1986

1240

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2425619/cr0460031239.pdf by guest on 19 M

ay 2023



ENHANCEMENT BY HEMIN OF ara-C EFFECTS

100

O 50

Â§Â».o
o 0.036 0.36 3.6 36Ara-C (X10~7M)

u>
Ã• 50
o

0.1 1 10 100
VCR (ng/ml)

1 10 100
HU (/'g/ml)

0.0340.34 3.4 34ADM (X10"8M)

f

1 10 100
DAU (ng/ml)

1 10 100
MTX (ng/ml)

Fig. 4. Sensitivities of heroin-treated K562 cells to chemotherapeutic drugs. K562 cells (5 x 104/ml) were treated with 0.05 rriM hemin for 4 days. There were 13.8 x
105 control cells/ml and 14.4 x 10* hemin-treated cells/ml. Then the cells were washed twice with PBS and resuspended to 5 x 104 cells/ml in hemin-free normal growth

medium with or without chemotherapeutic drugs. Four days after the removal of hemin, the numbers of control cells in the absence of chemotherapeutic drugs were
10.7 x Tu'/mi (untreated cells) and 10.9 x '\<P/m\ (hemin-treated cells), respectively. Points, means for 2 samples, a, ara-C; b, hydroxyurea (HI/); c, Adriamycin (ADM);

d, vincristine (VCR); e. daunomycin (DAU); f, methotrexate (MTX). â€¢,untreated cells; O, hemin-treated cells.

Table 1
ara-C sensitivity of K562 cells treated with various erythroid differentiation

inducers
K562 cells (5 x ICT'/ml) were treated for 4 days with hemin (0.05 rriM), sodium

butyrate (0.5 HIM), 5-aminolevulinic acid (0.48 mM), or conditioned medium (25%)
from peripheral blood leukocytes of a patient with chronic myelomonocytic leuke
mia. The numbers of untreated and inducer-treated cells were 11.6x105/ml, 11.2
x 105/ml (hemin), 4.4 x 105/ml (butyrate), 9.6 x 105/ml (6-aminolevulinic acid), and
9.2 x Tu'/mi (conditioned medium), respectively. The cells were then washed and
resuspended to 5 x 10*/ml in the medium with or without ara-C (3.6 x 10"9, 3.6 x
10"*, 3.6 x 10~7, and 3.6 x 10~* M). After 4 days of incubation, the numbers of
control cells in the absence of ara-C were 10.9 x 1(f/m\ (untreated), 10.9 x 10s/
ml (hemin), 10.1 x 105/ml (butyrate), 3.4 x 105/ml (a-aminolevulinic acid), and 10.7
x 105/ml (conditioned medium), respectively. These results were obtained from 2

different experiments.

InducerNone

Hemin
Butyrate
5-Aminolevulinic acid
Conditioned mediumInduction

of ben-
zidine-positive
cells (%) Â±SD0

24.0 Â±0.6
32.7 Â±9.7
32.3 Â±0.5
30.7 Â±3.51CÂ«,

(M)
X1Q-'170

3.6
120
170
230

(Table 1). Although multiple concentrations of the inducers were
studied for their effect in augmenting ara-C sensitivity, the induc

ers except hemin could not increase the sensitivity of the cells
to ara-C (data not shown). These results indicate an association

between induction of erythroid differentiation by hemin and en
hancement of ara-C effect.

Effects of Hemin on Sensitivity of Friend Cells, M1 Cells,
and HL-60 Cells to ara-C. To determine whether this enhance
ment of sensitivity of the cells to ara-C is due to a pharmacolog

ical effect of hemin, we examined the effect of hemin on human
promyelocytic leukemia cells (HL-60) and mouse myeloid leuke

mia cells (M1). These cell lines are both induced to differentiate
into macrophages and granulocytes by various compounds (3)

but they were not induced to differentiate by treatment with 0.01,
0.05, and 0.1 mw hemin for 3-4 days. Hemin was slightly toxic

to these cells, compared to K562 cells. Hemin did not increase
their sensitivity to ara-C (Fig. 5, a and b).

To determine whether the enhancement of sensitivity to ara-

C was due to induction of erythroid differentiation by hemin, we
treated mouse erythroleukemia Friend cells (clone 745A) with
0.05 HIM hemin for 4 days. After this treatment the percentage
of benzidine-positive cells was 32%, but the sensitivity of the
Friend cells to ara-C was not altered (Fig. 5c). These results
were obtained from 2-3 different experiments; a typical experi

ment is shown in Fig. 5.
Inductions of Erythroid Differentiation of K562 Cells and

Increases in Their Sensitivity to ara-C Induced by Thymidine

and Deoxyguanosine. dThd and dGuo have been found recently
to potentiate the antileukemic effects of ara-C on HL-60 and

K562 cells (12, 13). We studied their effects on induction of
erythroid differentiation and growth inhibition by ara-C of K562
cells. As shown in Fig. 6a, treatment of K562 cells (5 x 10"/ml)

with 100-300 MMdThd or 10-30 MMdGuo for 4 days induced
benzidine-positive cells. These deoxynucleoside-treated cells
were then washed twice with PBS and resuspended to 5 x 104

cells/ml. Then the cells were incubated for 4 days with or without
ara-C (3.6 x IO"9, 3.6 x 10~8, 3.6 x 1Q-7, and 3.6 x 1Q-6 M) to

determine the ara-C sensitivity. In the absence of ara-C, the
growth of dGuo-treated cells was like that of untreated cells, but
the growth of dThd-treated cells was suppressed. In the pres
ence of ara-C, the proliferation of these nucleoside-treated cells

was suppressed more than that of the untreated cells (Fig. 60).
The sensitivity of dThd-treated cells (300 MMfor 4 days) to ara-
C was increased 10 times and that of dGuo-treated cells (30 MM

for 4 days) was increased 8 times over that of control cells.
These results were obtained from 3 different experiments; a
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Fig. 5. Effects of hemin on sensitivities to ara-C of HL-60, M1, and Friend cells.
HL-60 cells (lO^/ml) and M1 cells (105/ml, clone B24) were treated with hemin
(0.01, 0.05. or 0.1 mw) for 3 days. Friend cells (5 x IQ'/ml, clone 745A) were

treated with 0.05 HIM hemin for 4 days. Then the cells were washed and cultured
for 2 days (M1 cells) or 4 days (HL-60 cells and Friend cells) with or without ara-C.
Points, means for 2 independent samples, a, M1 cells; b, HL-60 cells; c, Friend
cells. â€¢,untreated cells; O, 0.01 mw hemin-treated cells; A, 0.05 mm hemin-treated
cells; A, 0.1 HIM hemin-treated cells.

typical experiment is shown in Fig. 6. These results suggest that
erythroid maturation of K562 cells by hemin, dThd, or dGuo is
associated with potentiation of the effect of ara-C on the cells.

DISCUSSION

In this work we examined the sensitivity of K562 cells treated
with hemin to chemotherapeutic drugs. We found that hemin
enhanced the sensitivity of the cells to ara-C (Fig. 2) and did not
affect their sensitivity to the other chemotherapeutic drugs used
(Fig. 4). We also found that dThd and dGuo, which are known
to potentiate the antileukemic effect of ara-C in HL-60 cells and
K562 cells (12,13), also induced erythroid differentiation in K562
cells (Fig. 6a). These results suggest that this new method of
leukemia therapy involving the control of leukemic cell malig
nancy by induction of cell differentiation does not disturb the
effect of chemotherapeutic drugs which may exert their thera
peutic effect by causing cell killing.

Hemin increased the ara-C sensitivity of K562 cells more than
dThd and dGuo (Figs. 2 and 6).The effect of heminwas reversible
(Fig. 3) and its cytotoxicity was weaker than that of dThd and
dGuo. In the case of differentiation induction of K562 cells, hemin
is not only an inducer of erythroid differentiation that does not
involve cell killing but also a biological response modifier, en
hancing sensitivity to ara-C.

Bodner ef a/. (14) have demonstrated that nucleosides, includ
ing dThd, as well as several antimetabolites are capable of
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Fig. 6. a, inductions of erythroid differentiation of K562 cells by thymidine (â€¢)
and deoxyguanosine (O). K562 cells were treated with dThd or dGuo for 4 days
and then the percentage of benzidine-positive cells was determined. Points and
oars, means Â±SD for 3 samples, o, increases in ara-C sensitivity of K562 cells
treated with thymidine (â€¢)or deoxyguanosine (O). The dThd-treated and dGuo-
treated cells were washed and their ara-C sensitivities (ICÂ«)were determined.
Points, means for 2 independent samples.

inducing maturation in HL-60 cells. An association between dThd
induction of differentiation and enhancement of ara-C effect in
HL-60 cells was not yet discussed. In this paper, although the
results indicate an association between hemin (dThd or dGuo)
induction of differentiation and enhancement of the ara-C effect
in K562 cells, it is unknown whether hemin enhances sensitivity
to ara-C via the same mechanism whereby it induces differentia
tion.

Hemin could not increase the ara-C sensitivity of HL-60 and
M1 cells (Fig. 5, a and b) and could not induce the differentiation
of the cells. Although hemin induced erythroid differentiation of
Friend leukemic cells as well as K562 cells, the sensitivity of
Friend leukemic cells to ara-C was not potentiated by hemin (Fig.
5c). Therefore, it is likely that the increase in ara-C sensitivity by
hemin is peculiar to K562 cells or to human (leukemic)cells at a
certain stage of differentiation of the hematopoietic process.

It would be important to examine the mechanisms of increase
in sensitivity to ara-C. It is of interest to investigate (a) whether
hemin alters the metabolism of ara-C in K562 cells (e.g., by
determining intracellular accumulation of ara-C, generation of
ara-CTP, incorporation of ara-C into DNA, or cellular synthesis
of nucleoside kinases), and (b) whether the effect of hemin has
cytokinetic characteristics, since ara-C is a purely S-phase-
specific agent (e.g., with cytofluorometric or [3H]dThd labeling

studies).
In preliminary experiments, we found that induction of eryth

roid differentiation of K562 cells by dThd, but not heminor dGuo,
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was completely inhibited by the addition of deoxycytidine. There
fore, dThd-induced cellular differentiation may result from a

decrease in the intracellular dCTP pool.
Ross ef al. (12) have demonstrated that dGuo induces cellular

synthesis of ara-C kinase in K562 cells. Moreover they found
that in K562, dGuo induced up to double the control level of
intracellular GTP, which is an excellent phosphate donor for ara-
C kinase. Therefore dGuo-induced increase in sensitivity to ara-
C and dGuo-induced erythroid differentiation may result from the
elevation of ara-C kinase and level of intracellular GTP.

We used ara-C at the concentration range of 3.6 x 10~9-3.6
x 10~6 M. This 3.6 x 1CT9M concentration is rather low and it is

conceivable that a significant amount of ara-C can be degraded

after 4 days in tissue culture. Therefore there may be less
degradation of extracellular ara-C in the hemin-treated cells.

It will be interesting to examine whether hemin induces eryth
roid differentiation via the same mechanism whereby it enhances
the sensitivity to ara-C.
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