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A clonal cell line (56-42) that was stably and exclusively resistant to the toxic effects of the antileukemic agent
5-aza-2'-deoxycytidine (5-aza-CdR) was derived from C3H 10T1/2 C18 cells after multiple treatments with
5-aza-CdR. The 50% lethal dose of 5-aza-CdR for these cells was 1.3 ,uM, which was 15-fold greater than that
for the parental cells. Cell line 56-42 was slightly cross-resistant to the ribo-analog 5-azacytidine, but was
sensitive to the nucleoside analog 1-4-D-arabinofuranosylcytosine and to colcemid. Both parental and resistant
cell lines incorporated equimolar amounts of 5-aza-CdR into DNA. Resistance was therefore not due to
decreased activation, increased detoxification, or reduced incorporation of the drug. The overall level of
cytosine methylation in the resistant cione was 80% lower than the level in the sensitive cells. Therefore, the
potential number of hemimethylated sites created by the incorporation of equivalent amounts of 5-aza-CdR into
the DNA of the two cell types was much greater in the sensitive cells. Furthermore, 5-azacytosine-substituted
DNA from the sensitive cells bound 100% more nuclear protein in the form of highly stable complexes. The
incorporation of 5-azg-CdR opposite methylated cytosine residues in DNA of the sensitive cells thus resulted in
increased nuclear protein binding -at hemimethylated sites. This relative increase in tight-binding protein
complexes was shown to occur in livlng cells and may well disrupt replication and transcription and instigate
cell death. The differential binding of proteins to hypomethylated, azacytosine-containing DNA may thus
mediate a novel mechanism of drug resistance.

The methylation of specific cytosine residues in DNA is
thought to play a role in the transcriptional regulation of
certain genes in eucaryotic cells (3, 4, 15, 25). The deoxy-
cytidine analog 5-aza-2'-deoxycytidine (5-aza-CdR) has been
widely used as an inducer of suppressed genetic information
(13, 14, 16). The analog is thought to act by incorporating
into DNA (5) where it inhibits the postreplicative methyla-
tion of cytosine residues (10, 30). The resulting hypometh-
ylation of the genome has been associated with the activa-
tion of certain genes (11, 14).
5-Aza-CdR is also an effective antileukemic agent in both

humans (36) and rmice (23, 28, 34). The antineoplastic action
of the drug is related to its incorporation into DNA (31) and
may be mediated through its ability to inhibit DNA methyl-
ation (33, 37). In contrast to our present understanding of the
mechanisms of 5-aza-CdR-induced gene activation, virtually
nothing is known about the mechanisms of drug cytotoxic-
ity. The elucidation of such a mechanism is especially
itnportant since the development of resistance to 5-aza-CdR
is a major problem in the treatment of leukemias (32).
We previously derived a series of cell lines that were

resistant to 5-aza-CdR and reported the initial characteriza-
tion of these cells (12). In this study, we isolated clones from
a mass culture of 5-aza-CdR-resistant cells and characterized
the mode of drug resistance so that the mechanism of
cytotoxicity can be understood. Resistance to 5-aza-CdR
had been attributed previously to decreased activity of
deoxycytidine kinase (34, 35), which is the enzyme that
phosphorylates 5-aza-CdR before its incorporation into
DNA. However, the 5-aza-CdR resistance observed in the
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isolated clones was not due to decreased drug activation or
to increased detoxification of the drug. Instead, we propose
that the mechanism of resistance is inherent in the hypo-
methylating activity of 5-aza-CdR and involves the differen-
tial binding of nuclear proteins to hypomethylated, aza-
cytosine-containing DNA.

MATERIALS AND METHODS

Derivation of cell lines. The 5-aza-CdR-resistant cell lines
were derived by repetitive treatment of C3H 1OT1/2 C18
(1OT1/2) cells (26) with increasing concentrations of 5-aza-
CdR as previously described (12). Mass cultures were se-
quentially exposed 10 times to 1 ,uM 5-aza-CdR, one time to
3 ,uM 5-aza-CdR, one time to 10 ,uM 5-aza-CdR, two times to
20 pFM 5-aza-CdR, two times to 50 p.M 5-aza-CdR, and four
times to 100 ,uM 5-aza-CdR. After these 20 treatments,
clones (56-41, 56-42, and 56-43) were isolated from the mass
culture by seeding 200 cells per 60-mm-diameter dish. Well-
separated, discrete colonies were ring isolated, trypsinized,
and grown for further studies.
Growth curves. Cells were seeded into 60-mm-diameter

dishes at 20,000 cells per dish and treated 24 h later with 1.0
p,M 5-aza-CdR or with 1.0 ,uM 1-0-D-arabinofuranosylcyto-
sine (ara-C). Control cells were not treated with drug. After
24 h of exposure to the drug, the medium was changed and
the cells were allowed to recover. Mean population dou-
blings were calculated by counting the number of cells in
duplicate dishes at 24-h intervals after treatment. (Mean
population doublings = (In of number of cells harvested/
number of cells seeded)/in 2.] Each experiment was repeated
three times.
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Cytotoxicity assays. Cells (200 or 1,000) were seeded into
60-mm-diameter dishes (three to six dishes per treatment)
and treated 24 h later with different drug concentrations.
After 24 h, the medium was changed and the cells were
allowed to grow. Fourteen days after seeding, the cells were
fixed with methanol and stained with Giemsa stain, and the
number of colonies was counted. Percent survival of treated
cells was calculated relative to that of untreated cells.

Incorporation of nucleosides into DNA. The incorporation
of nucleosides into DNA was measured as previously de-
scribed (12). In contrast to naturally occurring bases, 5-
azacytosine (5-aza-C) labeled in the 6 position loses its
radiolabel after base hydrolysis. 5-Aza-CdR incorporation
into DNA was therefore defined as the radioactivity which
was insensitive to RNase, precipitable by trichloroacetic
acid, but sensitive to alkaline hydrolysis. [methyl-3H]thy-
midine (60 Ci/mmol) was obtained from ICN Pharmaceuti-
cals, Inc. (Irvine, Calif.); [6_3H]-2'-deoxycytidine (1 Ci/
mmol) and 5-[6-3H]aza-CdR (9 Ci/mmol) were from Moravek
Biochemicals (Brea, Calif.).

Isolation of 0.3 M NaCl nuclear protein extract. The
nuclear protein extracts were prepared as described by
Christman et al. (8). Logarithmically growing cells (1OT1/2 or
56-42) were harvested and washed once in phosphate-
buffered saline. Cell pellets were suspended in lysis buffer
(0.3% Triton X-100, 0.32 M sucrose, 10 mM Tris hydrochlo-
ride [pH 7.8], 3 mM MgCl2, 0.1 mM phenylmethylsulfonyl
fluoride, 0.5 mM dithiothreitol) and placed at 4°C for 5 min.
The suspension was centrifuged at 2,000 x g at 4°C for 10
min, and the supernatant was discarded. The pellet was

resuspended in lysis buffer and centrifuged as before, and
the resultant nuclear pellet was frozen at -80°C. For nuclear
protein extraction, the pellet of nuclei was thawed and
suspended in Berkowitz buffer (2) containing phenyl-
methylsulfonyl fluoride (0.32 M sucrose, 1.0 mM MgCl2, 1.0
mM potassium phosphate [pH 6.8], 0.1 mM phenylmethyl-
sulfonyl fluoride). The suspension was frozen in dry ice-
ethanol and then thawed; this process was repeated twice.
Sodium chloride (3.0 M) was added to the suspension to a
final concentration of 0.3 M, and the suspension was placed
at 4°C for 15 min. After centrifugation at 45,000 x g at 40C
for 4 h, the resulting supernatant was dialyzed against buffer
A (100 mM imidazole [pH 7.5], 20 mM EDTA, 0.5 mM
dithiothreitol). The protein content of the nuclear extract
was determined by the Bradford assay (6).
For experiments studying the effect of 5-aza-CdR on the

extractability of nuclear proteins, cultures of log-phase
1OT1/2 or 56-42 cells were treated with 0.3 ,uM 5-aza-CdR for
24 h before harvesting the cells. The isolation of 0.3 M NaCl
nuclear protein extracts from control and 5-aza-CdR-treated
cultures was performed as described above.

Preparation of control and 5-aza-C-containing labeled DNA
substrates from 1OT1/2 and 5642 cells. Labeled DNA sub-
strates were prepared as described by Christman et al. (8).
Logarithmically growing cells (1OT1/2 or 56-42) were treated
with [3H]thymidine (0.5 ,uCi/ml) or with [3H]thymidine (0.5
,uCi/ml) and 5-aza-CdR (5.0 ,uM) for 24 h. The cells were
then harvested, and DNA was isolated by the method of
Marmur (21) with minor modifications (7). The DNA was
treated with S1 nuclease (25 units/,ug ofDNA) to remove any
single-stranded DNA that may interfere with subsequent
nuclear protein binding reactions. The specific activity of the
S1 nuclease-treated DNA was quantitated by trichloroacetic
acid precipitation (final concentration, 10%), filtration
through nitrocellulose filters (0.45-p.m pore size; Millipore
Corp., Bedford, Mass.), washing with 5% trichloroacetic

acid, and quantitation of the radioactivity by scintillation
counting.

Preparation of control and 5-aza-C-containing labeled DNA
from Escherichia coli B. E. coli B was grown to an A550 of 0.6
in minimal M9CA media (20) supplemented with vitamin B (1
,ug/ml). The control culture was then treated with [3H]thy-
midine (1 uCi/ml), and the 5-aza-CdR culture was treated
with [3H]thymidine (1 ,uCi/ml) and 5-aza-CdR (10 ,ug/ml) for
one population doubling. During this period, approximately
2% of the total cytosine residues were replaced by 5-aza-C
(data not shown). This value of substitution was comparable
to the amount in the eucaryotic DNA substrates. The
bacteria were harvested by centrifugation at 4,000 x g for 10
min. DNA was isolated from the control and the 5-aza-CdR-
treated E. coli B as described by Marmur (21). The DNA was
treated with S1 nuclease (25 units/,ug of DNA), and the
specific activity of the double-stranded DNA was quanti-
tated as trichloroacetic acid-precipitable radioactivity on
0.45-,um-pore-size nitrocellulose filters.

Filter binding assay. DNA-protein interactions were quan-
titated by the filter binding assay of Christman et al. (8).
Each assay consisted of S ,ug of labeled DNA and 40 to 120
,ug of nuclear protein extract in a final volume of 200 Iul of
buffer A (100 mM imidazole [pH 7.5], 20 mM EDTA, 0.5 mM
dithiothreitol). The binding reaction was performed at 37°C
for 20 min and was terminated by the addition of Sarkosyl
(Sigma Chemical Co., St. Louis, Mo.), and NaCl to final
concentrations of 0.6% and 0.5 M, respectively. The reac-
tion mixture was mixed thoroughly, incubated at 4°C for 10
min, and then filtered through a Millipore HA 0.45-,um-pore-
size filter. Each filter was washed with three 10-ml volumes
of dissociation buffer (0.6% Sarkosyl, 0.5 M NaCl, 10 mM
Tris hydrochloride [pH 7.4], 0.1 mM EDTA). The filters
were then dried and immersed in Permablend III nonaque-
ous fluor, and the bound radioactivity was quantitated by
liquid scintillation counting.

RESULTS

Derivation of clones 56-41, 56-42, and 56-43. Three clones
(56-41, 56-42, and 56-43) were isolated from the mass culture
of 1OT1/2 cells that had been treated 20 times with increasing
concentrations of 5-aza-CdR. Successive drug treatments
resulted in progressively decreased levels of overall DNA
methylation (12). The methylation levels of the three clones
were 0.75, 0.63, and 0.62%, respectively, which were ap-
proximately 80% lower than the 3.2% cytosine modification
level of the parental untreated 1OT1/2 cells (22). The re-
peated drug treatments allowed us to derive 5-aza-CdR-
resistant clones that had drastically decreased levels of
cytosine methylation. The methylation status of specific
genes in clones 56-41, 56-42, and 56-43 were also markedly
decreased, and there were profound changes in the differen-
tiated state of the cells (manuscript in preparation).
Drug resistance of clone 56-42. All three clones were more

resistant to the toxic effects of 5-aza-CdR than were the
parental 1OT1/2 cells, and the level of resistance was similar
in all three clones (data not shown). Characterization of the
mode of resistance was examined in clone 56-42 as its growth
rate was most similar to that of the parental 1OT1/2 cells
(data not shown).
Colony plating assays showed that clone 56-42 was about

15 times more resistant to 5-aza-CdR than were 1OT1/2 cells
(Fig. 1). The 50% lethal dose for 56-42 cells was 1.3 ,uM,
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FIG. 1. Toxicity assays for 1OT1/2 (0) or 56-42 (0) cells treated

with 5-aza-CdR. Cells (200 or 1,000) were seeded into 60-mm dishes
and treated 24 h later with the nucleoside for 24 h. Cultures were
fixed 14 days after treatment, stained colonies were counted, and the
survival of treated cells was compared with that of untreated cells.
Each experiment was performed in triplicate, and the results repre-
sent the mean ± the standard deviation (bars) of three independent
experiments.

whereas that for 1OT1/2 cells was 0.09 ,uM. Furthermore, the
resistant phenotype was stable when the cells were passaged
at least 35 times in the absence of 5-aza-CdR (data not
shown). The cell line 56-42 was, however, only slightly
cross-resistant to the ribo-analog 5-azacytidine (5-aza-CR)
(Fig. 2). Thus, the induced resistance was specific for
5-aza-CdR.
The nucleoside analog ara-C is metabolized along the

same pathway responsible for the incorporation of 5-aza-
CdR into DNA. We compared 1OT1/2 cells with 56-42 cells
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for their sensitivities toward ara-C to detect altered activities
of the enzymes deoxycytidine kinase and cytidine deaminase
(Fig. 3). Both cell lines were equally sensitive to the toxic
effects of the analog, suggesting that the resistance of clone
56-42 to 5-aza-CdR was not due to increased detoxification
of 5-aza-CdR by cytidine deaminase or to reduced activation
of the analog by the kinase enzyme.
The growth inhibitory effects of 5-aza-CdR or ara-C on

1OT1/2 and 56-42 cells were also measured (Fig. 4). 5-Aza-
CdR had a more pronounced inhibitory effect on the growth
rate of 1OT1/2 cells than on 56-42 cells. However, ara-C
affected the growth rates of both cell lines to similar extents
(Fig. 4). These results provided further evidence that the
resistance of 56-42 cells to 5-aza-CdR was specific for the
aza-deoxynucleoside.
Development of resistance to colcemid has often been

associated with an induced multidrug resistance phenome-
non (1, 19). We therefore tested the sensitivities of 1OT1/2
and 56-42 cells to the alkaloid and found both to be equally
sensitive to the drug (Fig. 5). This result suggested that
5-aza-CdR resistance in 56-42 cells was not due to a pleio-
tropic response.

Incorporation of [3H]5-aza-CdR into cellular DNA was
measured to confirm that drug resistance was not due to the
failure of 56-42 cells to incorporate the fraudulent base into
DNA. Both 1OT1/2 cells and 56-42 cells incorporated the
same amount of 5-aza-CdR into DNA in a dose-dependent
manner (Table 1). These results agreed with our previous
data for 5-aza-CdR incorporation into the mass culture of
resistant cells (12). At 1 ,uM 5-aza-CdR, the substitution of
cytosine residues by 5-aza-C was 2.05% in both 1OT1/2 and
56-42 DNA (Table 1). Clone 56-42 cells could therefore
survive (Fig. 1) even with substantial amounts of 5-aza-C in
their DNA.
DNA synthesis occurred at the same rate in 1OT1/2 and

56-42 cells, as shown by [3H]thymidine incorporation during
drug treatment (Table 1). Furthermore, the rate of [3H]de-
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FIG. 2. Toxicity assays for 1OT1/2 (0) or 56-42 (0) cells treated

with 5-aza-CR. Experimental conditions are as described in the
legend to Fig. 1, except that 5-aza-CR was used instead of
5-aza-CdR.

Ara-C CONCENTRATION (pM)
FIG. 3. Toxicity assays for 1OT1/2 (0) or 56-42 (0) cells treated

with ara-C. Experimental conditions are as described in the legend
to Fig. 1.
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FIG. 4. Effects of 5-aza-CdR or ara-C on the growth of 1OT1/2 cells (A) or 56-42 cells (B). Cells (2 x 104) were seeded into 60-mm dishes
and treated 24 h later with 1.0 ,uM 5-aza-CdR (0) or with 1.0 F±M ara-C (A) for a further 24 h. The medium was then changed, and the growth
rate was determined by counting the number of cells in duplicate dishes at the indicated times. Data represent one of two experiments which
gave the same results. 0, Untreated cells.

oxycytidine incorporation was similar in both cell types
(Table 1), substantiating the indirect evidence that the activ-
ities of deoxycytidine kinase and cytidine deaminase were
similar in both cell lines.
DNA methyltransferase levels. Once incorporated into

DNA, 5-aza-CdR causes genome-wide DNA hypomethyla-
tion as the analog forms a tight-binding complex with the
methyltransferase enzyme (10, 27, 30). We measured the
methyltransferase levels in 1OT1/2 and 56-42 cells to ascer-
tain whether altered enzyme activities played a role in
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FIG. 5. Toxicity assays for 1OT1/2 (0) or 56-42 (0) cells treated

with colcemid. Experimental conditions are as described in the
legend to Fig. 1.

5-aza-CdR drug resistance. The average methyltransferase
activity of 1OT1/2 cells was 6.72 ± 0.28 units and that of
56-42 cells was 7.53 ± 0.88 units (1 unit is defined as 1 pmol
of methyl groups transferred from S-adenosyl-L-methionine
to an artificial DNA substrate per h per mg ofDNA per ,ug of
protein) (17). Since both cell lines exhibited similar methyl-
transferase activities, the resistance could not be attributed
to the induction of excessive amounts of methyltransferase
that would overcome the 5-aza-CdR-associated enzyme in-
hibition.
DNA-protein interactions in resistant cells. Christman et al.

(8) elegantly demonstrated that the presence of 5-aza-C in
DNA of treated cells resulted in the formation of strongly
linked DNA-protein complexes resistant to disruption by
Sarkosyl detergent. Such tight-binding complexes may inter-
fere with replication and transcription and lead to cell death.
We therefore examined 1OT1/2 and 56-42 cells for the levels
of nuclear proteins which would bind to 5-aza-C-substituted
DNA ([5-aza-C] DNA) to determine whether differential
protein binding could play a role in the phenomenon of drug
resistance.
The abilities of nuclear proteins extracted from both cell

types to form Sarkosyl-resistant complexes with native and

TABLE 1. The incorporation of labeled precursors into DNA
of 1OT1/2 and 56-42 cellsa

Incorporation into % Substitution
Concn DNA (pmoll,Lg of cytosine inPrecursor (>M) DNA) cells by 5-aza-C

1OTl/2 56-42 10Tl/2 56-42

[3H]5-aza-CdR 0.06 0.94 0.88 0.17 0.15
1.0 11.72 11.69 2.05 2.05

10.0 42.96 59.52 7.52 10.43
[3H]thymidine 0.003 0.89 0.75
[3H]cytidine 1.0 197.96 210.00

a Cells (1OT1/2 or 56-42) were seeded at 2 x 101 cells per 60-mm dish and
treated 24 h later with the indicated precursor for 24 h. The incorporation of
precursors into DNA was determined as previously described (12). Data are
given as the mean values for triplicate determinations.
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FIG. 6. Effect of protein concentration on the formation of salt-

and Sarkosyl-resistant complexes with native 1OT1/2 (0), native
56-42 (O), [5-aza-C] 1OT1/2 (0), and [5-aza-C] 56-42 (U) DNAs. All
reaction mixtures contained 5 ,ug of [3H]thymidine-labeled, double-
stranded DNA and 0 to 120 ,ug of 0.3 M NaCl protein extract of
nuclei from the same cell type. The binding reaction was carried out
at 37°C for 20 min and was terminated by the addition of NaCl and
Sarkosyl to 0.5 M and 0.6%, respectively, before filtration through
nitrocellulose. Complex formation was quantitated by scintillation
counting of radioactive DNA retained on the filters. Each value
represents the average of duplicate determination.

[5-aza-C] DNA from each cell type was measured by filter
binding assays (Fig. 6). The incorporation of 5-aza-CdR into
1OT1/2 DNA resulted in a 10-fold increase in the binding of
1OT1/2 nuclear proteins to this DNA, as compared with
native 1OT1/2 DNA. In contrast, there was only a fivefold
increase in the binding of 56-42 nuclear proteins to [5-aza-C]
56-42 DNA as compared with native 56-42 DNA. These
results confirmed Christman's studies that the incorporation
of 5-aza-CdR into DNA resulted in increased nuclear protein
binding (8). Furthermore, comparison of the binding levels in
the [5-aza-C] DNAs showed that a higher level of tight-
binding complexes formed with proteins and DNA from the
sensitive 1OT1/2 cells than with those from the resistant
56-42 cells. Heterologous filter binding assays were per-
formed next to determine whether the increased binding was
due to a higher level of binding proteins or to a difference
between the two DNA substrates.
We measured the binding of either 1OT1/2 or 56-42 pro-

teins to the same [5-aza-C] DNA substrates (Table 2). The
absolute values for the amount ofDNA retained on the filters
as stable, Sarkosyl-resistant DNA-protein complexes varied
with each experiment, but values for triplicate assays within
each experiment were highly reproducible (+ 10%). The ratio
between the amount of a given DNA substrate bound by
1OT1/2 proteins to that bound by 56-42 proteins was always
approximately 1.0 (Table 2). Data from three experiments
showed that the average ratio of [5-aza-C] 1OT1/2 DNA

bound by 10T1/2 nuclear proteins to that bound by 56-42
proteins was 1.19 + 0.24. Similarly, this ratio was 1.12 +
0.15 when [5-aza-C] 56-42 DNA was used as the substrate. In
other words, both 10T1/2 and 56-42 nuclear protein extracts
had the same amounts of protein available for binding to the
[5-aza-C] DNA substrates. These results showed that the
twofold difference in binding between [5-aza-C] 1OT1/2 DNA
and [5-aza-C] 56-42 DNA (Fig. 6) was not due to differences
in the levels of nuclear proteins available for binding to
[5-aza-C] DNA.
On the other hand, the source of [5-aza-C] DNA substan-

tially altered the amount of binding (Table 2). In experiments
utilizing 1OT1/2 nuclear proteins, the average ratio of 10T1/2
DNA bound versus 56-42 DNA bound was 2.18 + 0.08
(Table 2). Measuring 56-42 nuclear protein binding to each of
the substrates gave a similar average ratio of 2.09 + 0.18.
Therefore, twice as much [5-aza-C] 1OT1/2 DNA was bound
than [5-aza-C] 56-42 DNA irrespective of the protein extract.
Since both cell lines incorporated the same amount of
5-aza-CdR (Table 1) the difference in protein binding could
not be attributed to differential incorporation of the fraudu-
lent base.

Significantly, the only detected difference in the DNA
sequence between 1OT1/2 and 56-42 cells was that the latter
had a fivefold lower 5-methylcytosine content (manuscript in
preparation). High-pressure liquid chromatographic analysis
revealed that the treatment of cells with 5 x 10-6 M
5-aza-CdR and [3H]uridine for one replication cycle resulted
in the creation of approximately 1 x 107 hemimethylated
sites in 1OT1/2 DNA versus 2.1 x 106 hemimethylated sites
in 56-42 DNA (data not shown). Therefore, these compara-
tive binding studies suggested that the increased binding was
not due to the incorporation of 5-aza-CdR per se, but to the
incorporation of the analog opposite a methylcytosine resi-
due.

Filter binding assays with [5-aza-C] E. coli B DNA were
performed to address the question of whether the increased
binding was due to the incorporation of the azanucleoside
itself or to the consequential creation of hemimethylated
sites containing 5-aza-C. The genome of E. coli B does not
contain 5-methylcytosine (24), so 5-aza-CdR-induced protein
binding could be measured independent of 5-methylcytosine
content or hemimethylated sites.
The incorporation of 5-aza-CdR into E. coli B DNA did

not result in increased formation of salt- and Sarkosyl-
resistant DNA-protein complexes (Table 2). Experiments
with [3H]5-aza-CdR showed that about 2% of total cytosines
were substituted by 5-aza-C (data not shown). These results
confirmed our hypothesis that the 5-aza-CdR-induced in-

TABLE 2. Comparative studies of the binding of 10T1/2 or 56-42
nuclear protein extracts to native or [5-aza-C] DNA substratesa

Source of DNA Source of DNA retained on filter (p.g)
substrate nuclear protein Expt 1 Expt 2 Expt 3 Expt 4

[5-aza-C] 10T1/2 10T1/2 0.96 1.47 3.09
[5-aza-C] 1OT1/2 56-42 0.68 1.13 3.64

[5-aza-C] 56-42 1OT1/2 0.42 0.70 1.43
[5-aza-C] 56-42 56-42 0.36 0.55 1.57

E. coli B 10T1/2 0.18
[5-aza-C] E. coli B 10T1/2 0.16

a Filter binding assays were performed as described in the legend to Fig. 6,
with 80 ,ug of 0.3 M NaCl nuclear protein extract. Each value represents the
average of duplicate determinations in individual experiments.
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TABLE 3. Comparative binding assays of 10T1/2 and 56-42
nuclear proteins extracted after treatment of cells with 5-aza-CdRa

DNA retained Extractable
Source of Source of on filter (>g) binding protein

DNA substrate nuclear protein control)Expt 1 Expt 2 ( control)

[5-aza-C] 1OT1/2 10T1/2 1.15 1.13 100.0
[5-aza-C] lfT1/2 [5-aza-C] 1OT1/2 0.33 0.32 28.5
[5-aza-C] 1OT1/2 56-42 1.15 1.12 99.6
[5-aza-C] 1OT1/2 [5-aza-C] 56-42 0.65 0.65 56.9

a Nuclear proteins were extracted from control cells (1OT1/2 or 56-42) or
from cells treated with 0.3 F.M 5-aza-CdR before 0.3 M NaCl extraction
([5-aza-C] 10Tl/2 or [5-aza-C] 56-42). Filter binding assays were performed as
described in the legend to Fig. 6, with 40 pg of 0.3 M NaCl nuclear protein
extracts. Each value represents the average of duplicate determinations in
individual experiments.

CH3 CH3

-T-G C-G C-G C-G-
- A-Aza G-Aza G-Aza G-C

2 3 4

FIG. 7. Schematic representation of the four classes of critical
dinucleotide sites created by the incorporation of 5-aza-CdR into
DNA during one replication cycle. Class 1, 5-aza-CdR opposite any
dinucleotide that is not CpG. Class 2, CpG dinucleotide that is not
methylated. Class 3, CpG dinucleotide that is methylated and
therefore results in the creation of a hemimethylated site. Class 4,
Hemimethylated CpG dinucleotide that does not contain 5-aza-C,
but is generated by inhibition of DNA methyltransferase by
5-aza-CdR.

crease in protein binding was due to the inherent ability of
the drug to create hemimethylated sites in DNA.
Treatment of living cells with 5-aza-CdR results in the

formation of tight-binding complexes which cannot be ex-
tracted subsequently with 0.3 M NaCl (10, 30). We therefore
determined whether pretreatment of living 10T1/2 or 56-42
celts with the drug before salt extraction would alter the
amounts of extractable protein which would subsequently
react with [5-aza-C] DNA in the in vitro binding assay (Table
3). Treatment of 1OT1/2 cells with 0.3 ,uM 5-aza-CdR for 24
h decreased the amount of protein capable of forming salt-
and Sarkosyl-resistant complexes by 72%. On the other
hand, the amount of extractable protein in treated 56-42 cells
was only reduced by 43%. These results therefore confirmed
the earlier in vitro results and demonstrated a decreased
level of DNA-protein complexes in the resistant cells at the
drug concentration at which there was an approximately
eightfold difference in drug sensitivity (Fig. 1).

DISCUSSION

We derived three cell lines which were markedly resistant
to the toxic effects of 5-aza-CdR. Our studies showed that
the drug resistance was specific for the analog 5-aza-CdR
and was not due to decreased incorporation of 5-aza-CdR
into the DNA of resistant cells. Toxicity assays and growth
rate studies with ara-C demonstrated that the resistance
could not be attributed to decreased levels of deoxycytidine
kinase, which is the enzyme responsible for primary activa-
tion of the analog, or to increased deaminase activity which
could detoxify the fraudulent base. Moreover, resistance
was not a pleiotropic response since cells resistant to 5-aza-
CdR were highly sensitive to colcemid.

Resistance was not due to altered methyltransferase levels
or to decreased levels of nuclear proteins capable of forming
tight-binding interactions with [5-aza-C] DNA. Rather, drug
resistance appeared to be inherent in the hypomethylating
action of 5-aza-CdR and the consequential altered interac-
tions between nuclear proteins and [5-aza-C] DNA.

In both cell lines studied, there are four classes of critical
sites created by the incorporation of 5-aza-CdR into DNA
during one replication cycle and which would be present in
the [5-aza-C] DNA used in our binding assays (Fig. 7). The
majority of sites into which the analog is incorporated are
not CpG dinucleotides and therefore are not relevant to
DNA methylation (class 1). Alternatively, the analog could
be incorporated opposite a CpG doublet that is not methyl-
ated (class 2). The third potential site of incorporation could

be opposite a CpG doublet in which the cytosine is methyl-
ated and to which the methyltransferase enzyme could be
strongly bound. The formation of such a complex could well
inhibit the postreplicative methylation of cytosine residues
downstream from the site of 5-aza-CdR incorporation so that
the DNA substrates that we used also contained hemi-
methylated (class 4) sites that did not contain 5-aza-C (27).

Significantly, the 5-methylcytosine content of 56-42 cells
was 80% lower than that of 1OT1/2 cells. The target size for
the creation of hemimethylated sites in 56-42 cells was
therefore greatly reduced (Fig. 8). In other words, the
treatment of 56-42 cells with 5-aza-CdR would result in an
excess of unmethylated class 2 sites relative to 1OT1/2 cells.
Conversely, 5-aza-CdR treatment of 1OT1/2 cells would
induce a comparative excess of hemimethylated class 3 or
class 4 sites.
We propose that this relative excess of hemimethylated

class 3 and class 4 sites in 1OT1/2 cells results in increased
nuclear protein binding to these sites. The relative increase
in nuclear protein binding to [5-aza-C] 1OT1/2 DNA was
confirmed in living cells treated with 5-aza-CdR. The forma-
tion of such tight-binding DNA-protein complexes may
interfere with replication in 1OT1/2 cells and contribute to
cell death. In contrast, the incorporation of the same amount
of 5-aza-CdR into 56-42 cells would result in fewer hemi-
methylated sites and consequently less protein binding and
less disruption of macromolecular function so that the cells
would be resistant to the drug.
The cellular 5-methylcytosine content and the creation of

hemimethylated sites appear to be crucial to the 5-aza-CdR-
induced increase in nuclear protein binding, as suggested by
binding studies with E. coli B DNA substrates (Table 2).
Using DNA from a different bacterial source, Christman et
al. (9) showed that incorporation of 5-aza-CR into the
bacterial DNA did result in increased formation of NaCl- and

OT 1/2: 3.2 % 5-methylcytosine

-C-G-C-G-C-G-C-a-C-G-C-G-T-G-C-G-C -G-
-G-Aza-G-C-G-Aza-G-Aza-G-CG-AIz -A-Aza-G-Aza-G-C-

56-42: 0.6 % 5-methylcytosine

-C-G-C-G-C-G-C-G--C-G-C-G-T-G-C -G-C-G-
-G-Aza-G-C-G-a-G-Aza-G-C-G-Aza-A-Aza-G-Aza-G-C-

FIG. 8. Schematic representation of the number of hemimethyl-
ated sites resulting from the incorporation of equimolar amounts of
5-aza-CdR into 1OT1/2 and 56-42 DNA during one replication cycle.
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Sarkosyl-resistant complexes with Friend erythroleukemia
nuclear protein extracts. The discrepancy between our re-
sults and those of Christman et al. (9) may be due to
experimental differences such as the percent substitution of
5-aza-C in the bacterial genome.
Our hypothesis that 5-aza-CdR toxicity is at least partly

due to the formation of strong DNA-protein interactions is
particularly interesting in view of the work of Sugiyama et al.
(29). These investigators used the alkaline elution technique
(18) to demonstrate that DNA-protein cross-links contrib-
uted to the cytotoxic properties of calcium chromate in
mammalian cells.
Our results suggest that cellular sensitivity to 5-aza-CdR is

mediated in part by alterations in the interactions between
DNA and nuclear proteins. The proteins involved in such
interactions may include regulatory factors as well as en-
zymes associated with DNA. Interestingly, the methyltrans-
ferase enzyme was identified as one of the proteins in these
complexes (8). Further characterization of the biochemical
nature of these DNA-protein interactions may elucidate the
exact mechanism of 5-aza-CdR-induced cell lethality.
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