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SUMMARY
Induction of 2’-deoxycytidine kinase (dCK) by 5-azacytidine (5-
Aza-C) in a dCK-deficient HL-60 cell line resistant to 1 -/3-D-

arabinofuranosylcytosine (Ara-C) (HL-60/Ara-C) was examined
by measurement of the incorporation of [3H]deoxycytidine ([3H]
dCyd) into cellular DNA, the kinetic properties of purified dCK,
the cytotoxic potency (ICsc values), and the DNA methylation
patterns of 5-Aza-C-treated and untreated cells. Following a 72-
hr exposure to 1 �tM 5-Aza-C, the incorporation of [3H]dCyd into
DNA was increased 6-fold and the total dCK activity was in-
creased 1 2-fold, with a peak for both on day 6. The onset of
dCK induction was dependent on the length of exposure time.
The lCsc values for cell growth inhibition by Ara-C on day 3 were
0.08 �M for HL-60 cells, 1 2.5 �M for HL-60/Ara-C cells, and 0.55
ttM for HL-60/Ara-C cells pretreated with 5-Aza-C for 40 hr. The
Km and V� of dCyd for HL-60 dCK were similar to those for 5-
Aza-C-induced HL-60/Ara-C dCK. The restriction enzymes Hpall,
which cleaves CCGG sequences but cannot cleave at sites
methylated at the internal cytosines (5��CMeCGG), and Mspl,
which cleaves sequences with internal methylated cytosine but
cannot cleave at sites methylated at external cytosines (5’-

M5CCGG) were used for DNA methylation pattern determination.

The newly synthesized DNA of HL-60 wild-type cells was cleaved

by MspI to a greater extent than that of HL-60/Ara-C cells. After
exposure to 1 �tM 5-Aza-C for 40 hr, methylation patterns of
newly synthesized DNA reverted in HL-60/Ara-C cells to a clev-
age pattern similar to that in HL-60 wild-type cells. When com-
pared with untreated control, DNAs from 5-Aza-C-treated resist-
ant cellswere cleaved to a greater extent by Mspl than by Hpall,
suggesting that internal cytosine-residue methylation was rela-
tively uninhibited. The data given above suggest that 1) dCK in
HL-60/Ara-C cells was induced by 5-Aza-C and the resistance
to Ara-C in the cells was partially reversed by 5-Aza-C, 2) the
induced enzyme was similar in terms of its kinetic properties to
the wild-type enzyme, 3) DNA from HL-60/Ara-C cells may have
more methylation at the external cytosine residues of 5’-CCGG
sequences than DNA from wild-type HL-60 cells, and 4) the DNA
methylation at external cytosine residues was inhibited (i.e.,
hypomethylation state) when dCK expression was induced by 5-
Aza-C treatment.

Mammalian DNA is modified shortly after replication by the

enzymatic conversion of 3% of cytosines to 5-methylcytosine
(1, 2). Although the biological function of DNA methylation at

the molecular level is unknown, considerable evidence has
accumulated demonstrating that DNA methylation is involved
in cell differentiation (3, 4) and regulation of gene expression

(5-9). 5-Aza-C has a broad spectrum of biological activities;

one of its unusual properties is its ability to inhibit DNA

methylation (10). The inhibition of DNA methylation by 5-

Aza-C results in the activation of certain genes, presumably by

reversal of the usual methyl-mediated state of repression (11).

The correlation between hypomethylation of the promoter or

control regions of genes and their high level expression has

been documented in a variety of experimental systems (5).

This study was supported by Grants CA 27569 and CA 18856 from the National

Cancer Institute and by the Elsa U. Pardee Foundation.

It has been established that the resistance to Ara-C in an
HL-60 cell line is mainly due to a deficiency in dCK activity

(12). This cell line shares numerous biological and biochemical

features with the parent cell line and displays a stable resistant

phenotype in the absence of continued selection, i.e, the cells

have been maintained in Ara-C-free medium for 6 months
without spontaneous reversion to the parent phenotype (12).
Recently, the sequences of cDNA clones for human dCK and
analysis of expression in cells with and without enzyme activity
have been reported by Huang et at (13). They found that there

were no differences in the amount or size of dCK protein and
mRNA between CCRF/CEM (or L1210) leukemia cells that
express and those that do not express dCK activity. Genomic
restriction fragments were similar between the active and in-

active CCRF/CEM cell lines. These data suggest that gene

amplification is not involved in the mechanism of Ara-C re-

sistant. The precise mechanisms of the genetic defect(s) in the
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TABLE 1
Incorporation of [3H]dCyd into DNA in HL-60/Ara-C cells after
treatment with I �LM 5-Aza-C
The incorporation of [3HJdCyd into DNA in HL-60 wild-type cells was measured
underthe SameCOnditiOnS, with avalue ofl3,860 ± 1,370 cpm/10�celIs from day
1 to day 1 9. Values are mean of two experiments. The untreated control value was
1134 ± 254 cpm/10’ cell.

E re Incorporationof[�H)dCyd into DNA
Treatment time �. � 6 9 10 12 16 19

5-Aza-C
hr

24 NDb 80 561
% otuntr

190
eated control

199 220 ND ND
5-Aza-C 72 86 87 630 202 380 230 153 290

a Days after exposure to 5-Aza-c.
b ND, not determined.

structural gene responsible for the deficiency of dCK activity

in Ara-C-resistant cells remain unclear. Studies have shown
that 5-Aza-C treatment is capable of inducing the expression

of dCK in CCRF/CEM/dCK cells in vitro and reestablishing
sensitivity toward Ara-C in pediatric patients who were resist-
ant to Ara-C (14, 15).

The purpose of this study was to explore the possible differ-
ences in DNA methylation patterns between the wild-type HL-
60 and HL-60/Ara-C cells and to correlate DNA methylation
patterns and induction of dCK activity after treatment with 5-
Aza-C in HL-60/Ara-C cells. In this study, the time course and

the ability of 5-Aza-C to induce dCK in HL-60/Ara-C cells
were examined by measurement of the incorporation of [3H]

dCyd into cellular DNA, the activity of FPLC-punified dCK,
the reversibility of resistance to Ara-C, the similarity of Km

values for the dCK purified from wild-type HL-60 cells and
from HL-60/Ara-C cells induced by 5-Aza-C, and the changes
in DNA methylation patterns before, during, and after the 5-
Aza-C treatment. Comparisons have been also made for the

DNA methylation patterns between the wild-type HL-60 cell
line and the HL-60/Ara-C cell line.

Materials and Methods

Chemicals and radioactive chemicals. Ara-C and 5-Aza-C were
obtained from Sigma Chemical Co., (St. Louis, MO). ED-81 filter paper
discs were from Whatman (Hillsboro, OR). Agarose, protein standards,
and DNA size standards were purchased from Bio-Rad (Richmond,
CA). BSA and the restriction enzymes HpaII and MspI were from
Pharmacia (Piscataway, NJ). [methyl-3H]dThd (68 Ci/mmol) and [5-

3H]dCyd (26 Ci/mmol) were products of ICN Biomedicals Inc. (Irvine,

CA). [2-’4C]dThd (50 mCi/mmol) was from New England Nuclear

(Boston, MA). All other chemicals, unless otherwise indicated, were
from Sigma Chemical Co.

Cell lines and cell culture. HL-60 cells and HL-60 cells that were
resistant to Ara-C (HL-60/Ara-C) (from Dr. Steven Grant of Medical
College of Virginia, Richmond, VA) were propagated twice weekly in

RPMI 1640 medium supplemented with 10% fetal calf serum, 100 U/

ml penicillin, 100 �g/ml streptomycin, and 1% sodium pyruvate. The

cells were kept in a 37’, 5% CO2 atmosphere and routinely examined

to ensure that they were free from Mycoplasma contamination. The
HL-60/Ara-C cells were maintained in 1 �iM Ara-C, which was added

to medium twice weekly. Logarithmically growing cells were utilized

for all experiments.

Drug treatment and measurement of IC50 values, kinetic
parameters, and DNA synthesis. HL-60/Ara-C cells were treated
with 1 �cM 5-Aza-C for 24, 40, and 72 hr. 5-Aza-C was removed from

the culture and the cells were resuspended in fresh drug-free medium.

The cells were harvested at desired intervals after drug treatment. In

another experiment, HL-60/Ara-C cells were continuously treated with
1 �cM 5-Aza-C with replenishment of the drug. The viability of cells
was determined by the trypan blue exclusion method, using a hemo-

cytometer. The IC� values of Ara-C for HL-60 cells, HL-60/Ara-C
cells, and 5-Aza-C HL-60/Ara-C cells treated were calculated by the

median-effect method (16), using computer software (17). The incor-

poration of [3H]dCyd into DNA and the Km and V,,,,. values of dCK
were measured by a previously described method (17, 18), except that

FPLC-purified dCK was used.
Determination of dCK activity. Cells (1-5 x 107/ml) were washed

once with phosphate-buffered saline and resuspended in buffer A (25
mM Tnis . HC1, pH 8.0, 1 mM glutathione, 10% glycerol, 5 mM MgCl2,

0.1 mM ATP). The cells were disrupted in a Tri-R tissue homogenizer

with a Teflon pestle (scale position 4, 1 mm), followed by centrifugation

at 105,000 x g for 1 hr at 4’. The supernatants were further purified

by 20-40% saturated ammonium sulfate fractionation. The 20-40%

ammonium sulfate precipitates, dissolved in buffer A, were applied to

a Sephacryl 5-200 gel filtration column for FPLC (Pharmacia). Elution
was carried out with buffer A at a flow rate of0.5 ml/min. One milliliter/

fraction was collected. The reaction mixture [6 mM ATP, 6 mM MgC12,

0.2 mM 3,4,5,6-tetrahyrouridine, 0.2% (w/v) BSA, 1 unit of creatine

kinase, 6 mM creatine phosphate, 7 mM NaF, 2 mM dithiothreitol, 0.5

�Ci of [3H]dCyd (26 Ci/mmol), 0.1 M Tris.HC1, pH 7.5, and enzyme]
was incubated at 37’ for 60 mm. The dCyd monophosphates formed

were detected by a DE-81 disc method (18). The dCK activity was

calculated and expressed as fmol of dCMP/min4cg of protein. The
amount of protein was quantitated by the Bio-Rad method.

Assay of DNA methylation pattern by restriction enzymes
HpaII and Map!. The HL-60/Ara-C cells were prelabeled with [‘4C]

TABLE 2
dCK activity after exposure to 5-Aza-C in HL-60/Ara-C cells
The dCK activity in wild-type HL-60 cells was 7.2 fmol/min/�tg of protein (mean of two experiments). All the values are mean of two experiments, except the values for
untreated cells. For untreated cells, the values are mean of three to five experiments; standard deviations are 0.0037, 0.025, 0.0076, 0.008, and 0.007 fmol/min/�g of
protein for days, 3, 6, 9, 12, and 19, respectively. Values in parentheses represent fold increase of dCK activity, compared with the untreated control.

Treatment Exposuretime
dCK activity Days aft& remov� of 5-Am-C

3 6 9 12 19

hr fmol/min/�gofprolein

None 0 0.086 0.094 0.080 0.083 0.088
5-Aza-C (1 tiM)

5-Aza-C

24

40

0.1
(1.2)
0.86
(9.9)

0.46
(5)
0.70
(7.5)

0.41
(5.2)
0.63
(7.9)

0.58
(7.0)
0.21
(2.5)

0.24
(2.7)
NIY

5-Aza-C 72 0.22
(2.6)

1.19
(12.7)

ND 0.391
(4.7)

0.62
(7.1)

5-Aza-C Continuous up
tol9days

0.082
(0.95)

0.13
(1.4)

0.36
(4.5)

0.73
(8.8)

0.25
(2.8)

a ND, Not determined.
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TABLE 3

Comparison of cytotoxicity of Ara-C in HL-60, HL-60/Ara-C, and
5-Aza-C (1 �LM, 40 hr)-treated HL-60/Ara-C cells
Values are the mean of two experiments. The median inhibitory concentration (lC�)
was determined from five different Ara-C concentrations, using median-effect plots
and computer software (17).

Cells Treatment Exposure Ar�-� lC�

hr jiM

HL-60 None 0.078
HL-60/Ara-C None 12.5
HL-60/Ara-C 5-Aza-C 24 0.5
HL-60/Ara-C 5-Aza-C 72 0.6

TABLE 4

Comparison of Vm.x and Km values for dCK purified from wild-type
HL-60 cells and HL-60/Ara-C cells treated with 5-Aza-C
The variations (mean ± standard deviation) in V� and Km values in two separate

experiments were 2.2 ± 0.14 and 0.52 ± 0.03 for wild-type HL-60 cells and 1.29
± 0.03 and 0.43 ± 0.01 for 5-Aza-C-treated HL-60/Ara-C cells, respectively. There
are no significant differences for the V,,,�, (p = 0.24) and the K,,, (P 0.25) values
between the wild-type HL-60 cells and 5-Aza-C-treated HL-60/Ara-C cells, as
calculated by Mann-Whitney confidence interval test. Cells were exposed to 1 jiM

5-Aza-C for 40 hr and dCK was purified as described in Materials and Methods.

Vms, Km
Enzyme source

Expt. 1 Expt. 2 Expt. 1 Expt. 2

fmol/min/jig ofprotein jiM

Wild-type HL-60 2.10 2.30 0.50 0.54
5-Aza-C-treated 1 .27 1 .31 0.42 0.44

HL-60/Ara-C

dThd for 48 hr, followed by incubation in [‘4C]dThd-free medium for

24 hr, and then treated with 1 jiM 5-Aza-C for 40 hr. The cells were

then pulse-labeled during the last hour of treatment with [3H]dThd

and washed twice with phosphate-buffered saline. The cell DNAs were

extracted by the method described by Davis et at (19). The DNA

concentrations were determined spectrophotometrically, and aliquots

of 5 jig of DNA were incubated with HpaII or MspI, at a final concen-

tration of 3 units/jig of DNA, at 37’ for 2 hr. The assay buffer for

HpaII was 10 mM Tris.HC1, pH 7.5, 50% glycerol, 50 mM KC1, 1 mM

dithiothreitol, 0.1 m�s EDTA, 300 jig/ml BSA; for MspI, 10 mM Tris-

HC1, pH 7.5, 10 mM MgC12, 10 mM KC1, 1 mM fl-mercaptoethanol, 100

jzg/ml BSA. The reaction mixture was stopped by addition of 5 �l of

sodium dodecyl sulfate-EDTA and was subjected to 1% agarose gel

electrophoresis in 40 mM Tris-acetate, 10 mM EDTA buffer, pH 7.2.

The gel lanes were cleaved from the slabs and sliced into 2-mm fractions
using stacked razor blades. Slices were digested with gel solubilizer

(Solusol; National Diagnostics) and counted for radioactivity by addi-

tion of scintillation fluid (Soluscint A; National Diagnostics). The size

of the DNA from 5-Aza-C-treated cells and untreated cells, after being

cleaved with HpaII or MspI, was determined by comparison of the

radiography patterns of the gel with the DNA size standards (Phar-

macia, Piscataway, NJ). The completeness ofHpall and MspI digestion

was confirmed by the observation of identical gel patterns when 2-fold

higher enzyme concentrations were used.

Results

Incorporation of [3H]dCyd into DNA. As a pilot experi-

ment, the incorporation of [3H]dCyd into DNA of HL-60/Ara-

C cells, after treatment with 1 jiM 5-Aza-C for the indicated

time intervals, is given in Table 1. Compared with the untreated
cells, after 24- or 72-hr exposure to 1 jiM 5-Aza-C the incorpo-

ration of [3H]dCyd into DNA was increased 5.6-6.3-fold on day

6 after removal of the drug from the cultures. An approximately

2-fold increase was persistantly maintained during the period

of 12-19 days after the removal of the drug. The increases in

incorporation of [3H]dCyd into DNA (1-2-fold higher than that

of control) were continuously observed until the experiments

were terminated (after 30 days) (data not shown).
dCK activity. dCK activity in wild-type HL-60 and HL-60/

Ara-C cells was purified and measured as described in Materials

and Methods. The dCK activity in wild-type HL-60 cells was
7.2 fmol/min/jig of protein. The dCK activity in HL-fi0/Ara-C

cells before, during, and after treatment with 1 �tM 5-Aza-C, at

different time intervals after removal of the drug, is summarized
in Table 2. Compared with the untreated cells, after treatment

with 1 jiM 5-Aza-C for 24 hr the dCK activity was increased

1.2-7-fold during the period of days 3-12 after removal of the

drug, with the maximal increase on day 12. After a 40-hr

exposure to 1 jiM 5-Aza-C the dCK activity was increased 8-

10-fold, with a peak on day 3 after the removal of the drug.

Following treatment with 1 jiM 5-Aza-C for 72 hr the dCK

activity reached its maximum, which was 12.7-fold higher than

the activity of the untreated cells on day 6 after removal of the

drug. Continuous exposure (without removal of the drug) to 1

jiM 5-Aza-C did not result in an increase in dCK activity until

day 9; the maximal increase was observed on day 12. By

comparing the onset time of the maximum increase in dCK

activity in different treatment regimens, we found that the

onset of maximal increase in the dCK activity was delayed
when exposure time was shortened (e.g., 24 hr) or when expo-

sure time was continuous. When cells were exposed to 5-Aza-

C for 40 hr, the dCK activity was induced at the maximum
level (9.9-fold) as early as day 3 after removal of 5-Aza-C.

Longer exposure to the drug did not lead to an early onset of

dCK activity induction. From day 19 after removal of the drug

to the termination ofthe experiment (30 days), the dCK activity

was still 2-3-fold higher than that of untreated cells (data not

shown). The difference in the maximum increases, after a 24-

hr exposure to 5-Aza-C, for the incorporation of [3H}dCyd into

DNA and for dCK activity measurements may be due to the

fact that the incorporation of [3H]dCyd into DNA is affected

by the extent of DNA synthesis at different cell phases, whereas

dCK activity is not. Based on the dCK activity measurements,

40 hr was chosen as the optimal exposure time for the following

experiments.

IC50 concentrations of Ara-C in cells with or without

pretreatment with 1 jiM 5-Aza-C. Comparisons of IC50

values for cell growth inhibition, after exposure to Ara-C for 3

days, in HL-60 cells, HL-60/Ara-C cells, and HL-60/Ara-C

cells pretreated with 1 jiM 5-Aza-C are presented in Table 3.
The IC50 of Ara-C in HL-60/Ara-C cells was approximately

160-fold higher than that of Ara-C in wild-type HL-60 cells.

When the HL-60/Ara-C cells were pretreated with 1 jiM 5-Aza-

C for 40 hr, the drug was removed, and cells were harvested for
determination of cytotoxicity of Ara-C at 3 days after removal
of the drug, the pretreated cells became much less resistant to

Ara-C, with an IC50 23-fold higher than that of wild-type HL-
60 cells.

Km and Vmax values of dCK. As shown in Table 4, corn-

parisons of Km and Vmax values for dCK purified from wild-

type HL-60 cells and from HL-60/Ara-C cells pretreated with

5-Aza-C were made. The Km values for dCK from wild-type

HL-60 cells and from HL-60/Ara-C cells pretreated with 5-

Aza-C were not significantly different.

DNA methylation patterns of HL-60 cells and HL-60/
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Fig. 1. Comparison of DNA methylation patterns between HL-60 cells (A-C) and HL-60/Ara-C cells (0-F), as analyzed by agarose gel electrophoresis.
The parental DNA was labeled by [14C]dThd (+) and the newly synthesized DNA was labeled by [3H]dThd (U). Restriction enzymes Mspl and Hpall
were used for the determination of DNA methylation. For the catalytic DNA-cleavage properties of these enzymes, see Table 5. A-C, HL-60 cell
DNA. A, Uncleaved; B, cleaved by Hpall; C, cleaved by Mspl; 0-F, HL-60/Ara-C cell DNA. D, Uncleaved; E, cleaved by Hpall; F, cleaved by Mspl.
The details of procedures are described in Materials and Methods. Similar observations were obtained in a separate experiment.

TABLE 5
Effect of methylatlon of DNA on specificity of Hpall and Mspl cleavage, and the DNA methylation patterns in HL-60, HL-60/Ara-C, and
5-Aza-C-treated HL-60/Ara-C cells
For details see Ref. 20.

Restriction
enzyme

Sequence cleaved Sequences
not cleaved

cleavage

HL-60 HL-60/Ara-C 5-Aza-C-treatedHL-60/Ara-C

Hpall 5’-CCGG-3’ C�CGG Limited cleavage Limited cleavage Limited cleavage
MspI CCGGC�CGG �CCGG Extensive cleavage Limited cleavage Extensive cleavage

Ara-C cells. The effect of 5-Aza-C on DNA methylation
patterns was studied using the restriction enzymes HpaII and
MspI. These enzymes are isoschizomers and both cleave the
sequence 5’-CCGG, but HpaII does not cleave if the internal
cytosine residue is methylated and MspI does not cleave if the

external cytosine residue is methylated (20). Thus, by compar-
ison of the electrophoretic patterns on agarose gel produced by

digestion of a given DNA with each of the two sources of
enzyme(s), the extent and pattern of the enzymatic DNA
methylation at internal and external cytosines of 5’-CCGG-3’
sequences in this DNA can be estimated. The parental DNA

was labeled with [14C]dThd, and the DNA that was newly
synthesized during various times after 5-Aza-C treatment was

labeled with [3H]dThd. As shown in Fig. 1, the uncleaved DNAs
from HL-60 cells and HL-60/Ara-C cells all demonstrated

similar mobilities (Fig. 1, A and D). The DNAs from HL-60

cells and HL-60/Ara-C cells were cleaved by HpaII to the same
extent (Fig. 1, B and E). However, the newly synthesized DNA
from HL-60 cells was cleaved by MspI to a much greater extent

than the DNA from HL-60/Ara-C cells, as indicated by the

increased proportion of low molecular weight DNA, which
appeared in bands of approximately 5.0-2.3 kilobases (Fig. 1,
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C and F); the parental DNA from both cell lines did not reveal

appreciable differences (Fig. 1). The difference between un-
treated HL-60 wild-type and HL-60/Ara-C cells, in terms of
their digestion patterns, was that DNA from HL-60/Ara-C cells

was not cleaved by the restriction enzyme MspI, which is known

to cleave CCGG�CMeCGG sequences but not to cleave 5’Me

CCGG-3’ sequences. These data suggest that HL-60/Ara-C
DNAs may be predominantly methylated at external rather

than internal cytosine residues in 5’-CCGG sequences.

DNA methylation patterns during the induction of
dCK by 5-Aza-C. To determine whether DNA methylation

patterns were different during the induction of dCK by 5-Aza-
C and to study the correlation between DNA methylation
patterns and induction of dCK, the HL-60/Ara-C cells were
treated with 1 �M 5-Aza-C for 40 hr, as described above. The
DNA methylation patterns were studied, by means of the
restriction enzymes HpaII and MspI, during the time course

from 0 to 96 hr after removal of 5-Aza-C. As shown in Fig. 2,
the DNA synthesis (total [3H]dThd incorporation) was inhib-
ited to different degrees during and after the treatment with 5-
Aza-C. The newly synthesized DNA at 24-96 hr after 40-hr

treatment with 5-Aza-C was cleaved by HpaII to a similar
extent as untreated control (Fig. 2, F-I). In contrast, MspI

cleaved 5-Aza-C-treated DNAs to a greater extent than the
untreated control, as indicated by the increased proportion of

small sizes of DNA, which have molecular weights ranging from
5.0 to 2.3 kilobases (Fig. 2, L-O). The DNAs synthesized during
the 5-Aza-C treatment (time 0, after 5-Aza-C removal; Fig. 2,

E and K) were poorly cleaved by both HpaII and MspI. The
inhibitory effects of 5-Aza-C on DNA methylation were also

observed in separate experiments in which the 5-methyl-deox-

ycytosine levels of newly synthesized DNA were measured by

high performance liquid chromatography (data not shown). A
comparison of DNA methylation patterns in HL-60/O cells,
HL-60/Ara-C cells, and 5-Aza-C-treated HL-60/Ara-C cells is

summarized in Table 5.

Wr�

r-�W

w,0

riQ

In this study, we demonstrated that, when HL-60/Ara-C

cells were treated with 1 �M 5-Aza-C for 40 hr, different DNA
methylation patterns, as shown by DNA cleavage with MspI,
were observed 24-96 hr after removal of 5-Aza-C, during which

time the dCK activity was induced and was accompanied by
the reacquisition of sensitivity to Ara-C. Five days after the
removal of 5-Aza-C, the DNA methylation patterns, as shown
by the gels, returned to patterns comparable to those of the
untreated control. Our finding is in agreement with what An-
tonsson et a!. (14) reported concerning the induction of dCK in
CCRF/CEM/dCK cells. Although the DNA methylation
changes were not observed directly from dCK genes, these
results suggest that this transient genome-wide hypomethyla-

tion is in a unique pattern in 5-Aza-C-treated HL-60/Ara-C
cells and is associated with the reexpression of previously
inactive genes coding for dCK, which are silent probably be-
cause of hypermethylation.

We also found that, although the DNA methylation patterns
in 5-Aza-C-treated HL-60/Ara-C cells were restored to the

untreated control patterns, an increase in dCK activity was
detected until day 19 after the termination of 5-Aza-C treat-
ment, or until day 15 after the DNA methylation patterns were

back to the untreated control patterns. This observation sup-

Gel Fraction Number

Fig. 2. Time course of DNA methylation pattems following 5-Aza-C
treatment (1 jiM, 40 hr) in HL-60/Ara-C cells, as analyzed by agarose gel
electrophoresis. Parental DNA was labeled with [14C]dThd (+) and newly
synthesized DNA was labeled with [3H]dThd (U). A, 5-Aza-C-untreated
control; B, 5-Aza-C-treated, at 0 hr after removal of drug; C, 5-Aza-C-
treated, at 24 hr after removal of drug. 0-I, Labeled DNAs that were
cleaved with Hpall. 0, 5-Aza-C-untreated control. E-l, 5-Aza-C-treated,
at 0-96 hr after removal of 5-Aza-C. E, 0 hr; F, 24 hr; G, 48 hr; H, 72 hr;
I, 96 hr after removal of the drug. J-O, Labeled DNAs that were cleaved
with Mspl. J, 5-Aza-C untreated control. K-O, 5-Aza-C-treated, at 0-96
hr after removal of 5-Aza-C. K, 0 hr; L, 24 hr; M, 48 hr; N, 72 hr; 0, 96
hr after removal of the drug. Similar observations were obtained in a
separate experiment.

ports the view that the activation of gene expression by 5-Aza-

C is inheritable for many generations in the absence of further
drug treatment. However, this observation also raises the ques-
tion of whether the DNA hypomethylation is really necessary

to keep the gene in active status. The answer is yet unknown,
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because how well DNA methylation patterns are copied in cell
culture is poorly understood at the present time. Previous

studies suggest that DNA methylation patterns in 5-Aza-C-

treated cells are unstable, with remethylation and reversion to
the pretreated phenotype occurring shortly after drug removal
(21-25). It seems very important that a more precise and more

quantitative method for the determination of transient DNA

demethylation and remethylation be developed.
In this study, our data showed that the DNA of HL-60 cells

was cleaved by MspI to a greater extent than that of HL-60

cells deficient in dCK. This result suggests that the DNA from

HL-60/Ara-C cells has more methylation in the external cyto-

sine residues of 5’-CCGG sequences than DNA from wild-type
HL-60 cells, and this is consistent with the previous reports

that in vitro Ara-C treatment was able to induce a genome-
wide elevated level of enzymatic DNA methylation (26, 27). As

described in this study, 5-Aza-C is able to inhibit DNA meth-

ylation, induce reexpression of dCK activity, and reestablish
sensitivity to Ara-C in HL-60/Ara-C cells. It has been reported

that the ability of 5-Aza-C to activate genes is selective, rather
than involving a generalized increase in gene expression (7).

Taken together, these data support the notion that methylation
in individual gene loci is one of the factors governing gene

expression in eukaryotic cells.

A very intriguing observation was that the DNAs synthesized
24-96 hr after termination of 5-Aza-C treatment were cleaved

by MspI but not by HpaII, although both of these enzymes

cleave DNA at 5’-CCGG-3’ sequences. Singer et al (28) have

demonstrated that, in mouse liver DNA, the 5’-CCGG sites

present in the genome are cleaved by MspI much more fre-
quently than by HpaII and 77% of the total 5’-CCGG sites are

modified for some reason to protect them from being cleaved

by HpaII. One possible explanation for these results is that the

methylation ofinternal cytosine residues in 5’-CCGG sites that

is affected by 5-Aza-C treatment is not significant enough to

be detected by HpaII restriction assay, probably because 5-Aza-

C is incorporated into only one DNA strand during the 40-hr

treatment. The parental strand and the progeny strands that
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are subsequently synthesized using this 5-Aza-C-incorporated

sequence as template would then be fully methylated and,
therefore, not sensitive to cleavage by HpaII. In fact, these

results are consistent with our finding that the DNA of wild-
type HL-60 cells is cleaved only by MspI to a greater extent

than that of HL-60/Ara-C. Whether the hypermethylation in
DNA of HL-60/Ara-C cells occurs predominantly at the exter-

nal cytosines of 5’-CCGG sequences or whether 5-Aza-C spe-

cifically inhibits DNA methylation in such sites of 5’-CCGG

sequences remains to be determined.

The Km values should be similar if the enzymes are from the

same source, regardless of the enzyme concentration used and

the range of substrate concentrations involved in the assay. In
this study, we have shown that the Km value of dCK from HL-

60/Ara-C cells induced by 5-Aza-C is close to that of dCK from

wild-type HL-60 cells, although the enzyme activities are some-

what different. These results indicate that the induced enzyme

may not be different from that of wild-type cells. They could

be the products of the same dCK gene. Recently, more studies

have shown that epigenetic rather than genetic mechanisms

are involved in the control of eukaryotic gene expression (5-8,
29, 30). Furthermore, 5-Aza-C does not show mutagenic activity

(31). Our data indirectly support the concept that epigenetic
controls of gene expression in eukaryotic cells play an impor-

tant role in the development of clonal populations of cells that

are resistant to some therapeutic agents.

The DNA methyltransferase activity is inhibited by 5-Aza-C

because of the formation of a tight noncovalent complex or a
covalent linkage between the enzyme and 5-Aza-C residues in

DNA (10). In this study, we demonstrated that a 40-hr exposure

to 5-Aza-C was the most efficient in terms of changes in DNA

methylation patterns and in induction of dCK. This period of
treatment time approximately corresponds to the doubling time

of HL-60/Ara-C cells, during which enough S phase cells of the
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tota.1 cell population are exposed to the 5-Aza-C and therefore

more 5-Aza-C will be incorporated into DNA. However, contin-

uous exposure does not induce the enzyme activity as efficiently
as 40-hr exposure but delays the onset of enzyme induction,

possibly because of the cytotoxicity of 5-Aza-C.

The dCK activity induced by 5-Aza-C can be a result of
increased dCK gene transcription with increased mRNA or of
the expression of an altered dCK with different kinetic prop-

erties. Because our kinetic analysis revealed no significant

differences in Km or Vmax values for dCKs isolated from wild-

type HL-60 and 5-Aza-C-treated HL-60/Ara-C cells, it is rea-
sonable to suggest that an increased gene expression at the
transcriptional level (or reexpression of the gene) is a more

likely mechanism. However, unexpected results have been ob-

served by Avramis et a!. (32), showing that there were no
differences in mRNA levels between CEM or L1210 leukemic

cell lines that express and do not express dCK activity, using a
eDNA coding for dCK. It was suggested that the cDNA clone
used did not represent the major dCK but another enzyme or
activator with low Ara-C kinase activity (32). It will be of

interest to test the 5-Aza-C-induced transient DNA methyla-
tion inhibition at the dCK gene once a specific cDNA coding
for the major dCK becomes available.
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