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ABSTRACT

Successful chemotherapeutic treatment of drug-responsive cancers can

be compromised by the acquisition of drug resistance. Standard remission
induction therapy for childhood acute lymphoblastic leukemia includes
L-asparaginase, since the leukemic cells lack asparagine synthetase (AS)

activity and require exogenous asparagine. We have used the Chinese
hamster ovary cell line N3, which lacks AS activity, as a model to
examine a novel mechanism involved in the development of drug resist
ance in acute lymphoblastic leukemia. Expression of AS in Chinese
hamster ovary cells is associated with hypomethylation in the 5' region

of the gene. Activation of AS in concert with hypomethylation occurs
spontaneously at a frequency of about 10 '';we have found that treatment

with the hypomethylating drug 5-azacytidine induces a reversion fre
quency of IO"2.To investigate the possibility that chemotherapeutic drugs

induce similar changes, the asparagine auxotrophic cell line N3 was
treated with the chemotherapeutic agents L-asparaginase, vincristine, and
1-iS-D-arabinofuranosylcytosine and with the mutagen ethyl methanesul-
fonate. Both L-asparaginase and ethyl methanesulfonate increased the
frequency of reversion to asparagine prototrophy to about IO"5, whereas

vincristine and l-/3-i>arabinofuranosy Icytosine had no such effect. As

paragine prototrophy correlated with the demethylation of CpG sites in
the 5' region of the AS gene and with the appearance of AS mRNA in

revertants. In addition to the specific effect seen with the AS gene, i -

asparaginase and ethyl methanesulfonate induced global reductions in
methylation of up to 25 and 10%, respectively. The ability of chemother
apeutic drugs to inhibit DNA methylation and thereby activate previously
silent genes may enable them to promote the aggressiveness of cancers
in vivo, including the expression of drug resistance.

INTRODUCTION

A prominent characteristic of cancers is their capacity for
cellular diversification at both the phenotypic and genotypic
levels. Although many tumors appear to be derived from a
single transformed cell and are therefore clonal in origin, over
time they tend to acquire or lose various traits during tumor
progression (1). Some of these phenotypic changes may have
the capacity to make the developing tumor more malignant and
resistant to therapy. With respect to the latter, drug resistance
may either be intrinsic or acquired during the multistep clonal
evolutionary process of tumor progression. The mechanisms by
which tumor cell subpopulations acquire resistance to various
types of chemotherapeutic agents have been, and continue to
be, a subject of considerable interest. Studies have focused on
defining genetic mutations, ranging from simple nucleotide
changes to large scale gene amplification events. For example,
overexpression of the multidrug resistance gene family is cur-
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rently under intensive study for its contribution to the devel
opment of the multidrug resistance phenotype and possibly
intrinsic drug resistance (2). In comparison, much less attention
has been devoted to studying the possibility that heritable
epigenetic changes in gene expression, rather than a structural
change in the gene itself, can contribute to drug resistance. One
such epigenetic mechanism is the occurrence of alterations in
DNA methylation patterns.

A substantial body of evidence has accumulated to link gene
expression with the methylation status of cytosine bases in the
5' region of the gene. The correlation is usually inverse: meth
ylation of 5' cytosines is associated with transcriptional inacti-

vation of the gene, whereas hypomethylation is associated with
gene activity (3). Activation of quiescent genes may be induced
in certain situations at a high frequency by treatment with the
DNA-hypomethylating agent 5-azacytidine (4-8). A number of

other drugs, including some that are used in cancer chemother
apy, have been demonstrated to cause global changes in DNA
methylation (9-12). We have investigated the hypothesis that
some chemotherapeutic drugs may be able to activate previously
quiescent genes in a stable manner by causing hypomethylation
of cytosines in the 5' region of the gene. If a gene that encodes

a target for a drug is transcriptionally activated, it could render
the cells resistant to that drug. We decided to examine this
possibility in the context of the gene encoding AS.3

The study of AS is relevant to one cancer in particular, the
childhood neoplasm ALL. AS is the housekeeping enzyme
responsible for the biosynthesis of asparagine and is expressed
in most mammalian cells. In contrast to normal cells, ALL cells
exhibit little or no AS activity and therefore depend upon
exogenous pools of asparagine for survival. The tumor cells
may be selectively killed with the chemotherapeutic drug L-
asparaginase, which hydrolyzes exogenous asparagine (13, 14).
An experimental model in which to examine this is provided
by the CHO cell line N3, which lacks AS activity (15). Activa
tion of the AS gene in concert with hypomethylation in the 5'

region occurs spontaneously at a low frequency in this line (16).
Furthermore, Harris has shown that asparagine-independent
clones may be generated at a high frequency in another aspar-
agine-requiring CHO line (4) and in the Jensen rat sarcoma
cell line following treatment with 5-azacytidine (8).

We have investigated the possibility that drugs used in the
treatment of cancer, including ALL, induce similar changes to
the AS gene. To that end, we have examined the effects of
treatment with 5-azacytidine, L-asparaginase, EMS, vincristine,
and ara-C upon the emergence of asparagine-independent
clones in the N3 cell line and asked whether changes in AS
activity induced by any of these drugs could be correlated with
changes in DNA methylation and in levels of gene expression.
We present evidence that some of these drugs can indeed

3The abbreviations used are: AS, asparagine synthetase; ALL, acute lympho

blastic leukemia; CHO, Chinese hamster ovary; EMS, ethyl methanesulfonate;
ara-C, l-if-o-arabinofuranosylcytosine; 5-azaC. 5-azacytidine; m'-Cyd, 5-methyl-

cytidine; TK, thymidine kinase; cDNA, complementary DNA.
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reactivate AS and that this occurs in concert with 5' hypome-

thylation of the AS gene.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. The wild-type CHO cell line is a
clonal isolate of the Toronto strain (17). Wild-type and the asparagine-
requiring CHO cell line N3 (15) were routinely grown at 37Â°Cin

nonselective medium (complete a minimal essential medium supple
mented with 10% heat-inactivated fetal calf serum). Cell concentrations
were determined using a Coulter Counter.

Reversion Frequency Experiments. For each drug concentration, 106

N3 cells were plated in nonselective medium. Following 24 h of growth,
cells were exposed for 24 h to various concentrations of either 5-azaC,
EMS, L-asparaginase, vincristine, or ara-C. Drug concentrations were
chosen which gave the same range of plating efficiencies of N3 cells
after treatment. After exposure to drug, the cells were washed twice
with phosphate-buffered saline and allowed to recover in nonselective
medium for 24 h. Cells (500,000/plate) were then seeded in selective
medium (., minimal essential medium lacking asparagine and supple
mented with 10% heat-inactivated dialyzed fetal calf serum and 0.01
mg/ml each thymidine and adenosine). Cells (500/plate) were seeded
in nonselective medium to determine plating efficiency. When colonies
appeared well formed, no more than one colony/plate was scraped off
and maintained as a clone in selective medium. Reversion frequency
experiments were terminated by staining for 20 min in mÃ©thylÃ¨neblue.
The frequency of the N3 asparagine prototrophs was calculated as:

Reversion frequency
No. asparagine-independent N3 colonies

No. N3 cells plated x plating efficiency

Revenant clones were used for further study only if the plating effi
ciency in the experiment was >10%.

DNA Analysis. DNAs were digested with the appropriate restriction
enzymes according to the instructions of the manufacturers, subjected
to electrophoresis on 0.8% agarose gels, and transferred to nylon
membranes. Hybridizations were performed overnight at 42Â°Cin hy

bridization solution (50% deionized formamide-0.2% polyvinylpyrrol-
idine-0.2% bovine serum albumin-0.2% Ficoll-0.05 M Tris-HCl, pH

7.5-1.0 M NaCl-0.1% sodium pyrophosphate-1.0% sodium dodecyl
sulfate-10% dextran sulfate-100 ng/ml denatured salmon sperm DNA)
with randomly primed inserts of CHO cDNAs or genomic fragments
(18) as probes.

RNA Analysis. Total RNA was isolated as previously described (19).
RNA was denatured with formamide and formaldehyde, run on 1%
agarose gels containing formaldehyde, and transferred to nylon mem
branes. Hybridizations were performed overnight at 65Â°Cin hybridi

zation solution (14% formamide-0.2 M Na2HPO4-l mivi EDTA-7%
sodium dodecyl sulfate-1% fatty acid-free bovine serum albumin) with
randomly primed inserts of CHO cDNAs as probes.

DNA Methylation Levels. Exponentially growing CHO cells were
grown for 24 h in the presence of drug and 20 ^Ci of [6-3H]uridine (23

Ci/mmol, Amersham) in 2 ml of nonselective medium. DNA was
prepared for analysis according to the procedure of Flatau et al. (20).
The formic acid-hydrolyzed samples were then subjected to high per
formance liquid chromatography with a Waters 10 SCX column, in
order to determine the percentage of total cytidines that were methyl
ated during the treatment period.

RESULTS

Induction of Asparagine Prototrophy in N3 Cells by Drug
Treatment. Treatment of various cell lines with 5-azaC has
previously been shown to induce the expression of numerous
phenotypes in a large proportion of treated cells (5-7). These
studies include induction of AS activity (and activation of the
AS gene) by 5-azaC treatment in Jensen rat sarcoma cells (8).
Activation of the AS gene in concert with 5' hypomethylation

occurs spontaneously in the N3 line at a frequency of about 3
x 10~6. In this study, we found that treatment of N3 cells with

graded concentrations of 5-azaC increased the frequency of
revertant asparagine prototrophs within the N3 population to
1.1 x 10~2 (Table 1). EMS treatment induced a reversion
frequency of about 10~5.Of the chemotherapeutic drugs tested,

only L-asparaginase appeared to have a significant effect on the
appearance of revenants, with an induced reversion frequency
of about 10~5. The effect of vincristine was negligible. ara-C, a

Table 1 Frequency of asparagine-independent colonies following treatment of CHO N3 cells

Amount of
Drugdrug5-azaC

0jig/ml0.11.010.015.020.0EMS

0jig/ml100200300L-Asparaginase

0units/ml0.01O.I0.51.01.0Vincristine

0fig/ml0.0010.0050.010.050.1ara-C

OJIM0.11.05.010.020.0Plating

efficiency60.255.054.537.932.427.153.537.813.87.957.470.881.642.031.131.160.961.159.558.944.012.961.738.043.440.137.124.1No.

asparagine-
independent
colonies/2 x

10'cells6.65.53.78,724.713,203.422,435.47.550.279.750.608.521.29.676.076.03.31.61.71.74.509.75.36.97.52.74.1Reversionfrequency3.3
x10-2.7
x10-1.8
x10-4.4
x10-6.6
x10"1.1
x10-3.8
x10-2.5
x10-3.9
x10-2.5
x10-<8.7
x10-4.2
x10-1.1
x10-4.8
x10-3.9
x10-3.9
x10-1.6
x10-8.2
x10-8.4
x10-8.5
x10-2.3
x10-2.6
x10-4.8
x10"2.6
x10-3.4
x10-3.8
x10-1.4
x10-2.0
x 10-Induced

reversion
frequency0004.4

x10-6.6
x10-1.1
x10-02.1

x10-3.5
x10-2.1
x10-0>3.4

x10->1.0x
10->3.9

x10'>3.8
x10->3.8
x10-00007

xIO'72
x10-'000000
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chemotherapeutic drug with known hypermethylating activity
(9, 10), also had no effect. AS+ revenants have retained their

asparagine independence in selective medium for up to 1 year
in cell culture.

Methylation Patterns of 5' Portion of the AS Gene. To deter
mine whether drug treatment caused hypomethylation through
out all or parts of the AS gene, we compared the methylation
patterns of the parent cell line N3 and the drug-induced aspar-
agine-independent variants. AS is typical of many housekeeping
genes in that the 5' region of the gene is G + C rich and

contains a high concentration of CpG dinucleotides; 71 CpG
sites are located within 800 base pairs surrounding exon 1,
while the adjacent 5', 2-kilobase region contains only 16 sites

(16). The gene contains 23 Mspl or CCGG sites in total, of
which 14 are clustered within 1 kilobase of exon 1(16). In order
to examine the methylation status of the CpG-rich region
surrounding exon 1 we used the genomic fragment EX2 (Fig.
1), which includes the cluster of 14 CCGG sites (16), to probe
Hpall/Hindlll digests of DNA from WT, N3, and revenant
lines. EX2 detects a 5.1-kilobase Hindlll fragment. Hpall is a
methylation-sensitive enzyme and cleaves only demethylated
CpG dinucleotides; complete demethylation of the 5' region

yields a number of small undetectable Hpall/Hindlll fragments
and a larger fragment of 1.2 kilobases. A Hpall/Hindlll diges
tion of N3 DNA yields the 5.1-kilobase Hindlll band, indicating
complete methylation of all 14 Mspl sites. In contrast, the
asparagine-independent revenants are demethylated in this re
gion as indicated by the presence of the 1.2-kilobase fragment
(Fig. 2).

Methylation Pattern in the 3' Region of the Gene. We had
previously found that the 3' region of the AS gene was com
pletely methylated in wild-type and N3 CHO cells (16). In order
to examine methylation sites in the 3' portion of the AS gene

in the revenants, double digestions of the parent and revenant
DNAs with Hpall and BamHl were probed with the cDNA
pl6.7. In the N3 and four of the revenant clones (Asp 0.1A,
Asp 0.1B, Asp 0.5D, EMS 200E), the 14-kilobase BamHl
fragment was detected, indicating that all 6 Mspl sites within
this region were methylated (Fig. 3). Three revenant clones
(EMS 200G, Aza 10B, Aza IOC) were partially demethylated
in the 3' region, as evidenced by the presence of a 9.4-kilobase
fragment in addition to the 14-kilobase fragment.

Expression of AS mRNA in Revenant Lines. To correlate
asparagine independence with expression of the AS gene, rev-
ertants were examined for the presence of AS mRNA. While
the parental cell line N3 does not express the AS gene, the
revenant cell lines all displayed AS mRNA. Overexpression of
AS mRNA relative to wild-type CHO cells was not observed in
any of the revertants (Fig. 4).

DNA Methylation Levels.To determine whether the specific
hypomethylation seen in the AS gene reflected a genome-wide
hypomethylating effect, percentage of ms-Cydwas measured by
high pressure liquid Chromatographie analysis. Treatment of
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Fig. 2. Hypomethylation in the 5' region of the AS gene in drug-induced

revertan! cell lines. The genomic probe EX2 was used to probe Hindlll/Hpall
digests of DNA from the WT line as well as revertan! lines obtained after
treatment with L-asparaginase, EMS, and 5-azacytidine. Demethylation of the 5'
region of AS is shown by the presence of the 1.2-kilobase fragment. Lane I, WT;
lane 2. N3; lane 3, Asp 0.1A; lane 4, Asp 0.1B; lane 5, Asp 0.5D; lane 6, EMS
200E; lane 7, EMS 200G; lane 8, Aza 10B; lane 9. Aza IOC. kb, kilobases.

N3 cells with 5-azaC caused a striking drop in total percentage
of m5-Cyd,from 2.44% in the controls to less than 0.5% at the
highest concentration tested (Table 2). This corresponds to a
drop of about 85%. In contrast, cells exposed to ara-C or
hydroxyurea, both of which have displayed hypermethylating
activity in other systems (9-11), showed no significant altera
tions in ms-Cyd in either direction when similar levels of cell
killing were observed. Strikingly, L-asparaginase caused a 25%
reduction in m5-Cydlevels; its effect plateaued at about 1.85%
m5-Cyd(Table 2). EMS caused a significant drop in percentage
of ms-Cyd, about 12% (Table 2), but its effect was not as
pronounced as that observed with L-asparaginase.To determine
whether the effect of L-asparaginase was due to amino acid
starvation of the cells caused by the degradation of asparagine
by the drug, m5-Cydlevels were checked following 24-h growth
in the absence of asparagine (selective medium); indeed there
was a significant drop in ms-Cyd levels (about 10%) but not as
much as that obtained following L-asparaginase treatment.
Therefore, we exposed AS-positive WT cells (the parent of the
N3 cell line) to L-asparaginase and measured m5-Cyd levels.
We found that L-asparaginase did indeed display hypomethy
lating activity, causing a drop of up to approximately 20%.

DISCUSSION

We have proposed a novel mechanism for drug resistance,
(B),Hind\\\(H)andMspl(M)restrictionsites. whereby chemotherapeutic drugs themselves cause activation
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Table 2 Levels of 5-methylcytosine following treatment with chemotherapeulic
drugs

2.3-

Fig. 3. Differences in methylation in the 3' region of the AS gene in drug-

induced revertan! cell lines. DNAs were digested with Hpall/BamHl and the blot
was probed with p 16.7. The parental line N3 (lane I) as well as the revenant cell
lines Asp 0.1A (lane 2), Asp 0.1B (lane 3). Asp 0.5D (lane 4), and EMS 200E
(lane 5) were completely methylated. The revenant cell lines EMS 200G (lane
6), Aza 10B (lane 7), and Aza IOC (lane 8) exhibited partial demethylation. kb,
kilobases.

12345 6789 10

AS-

B

Fig. 4. Northern blot analysis of AS mRNA. N3 cells (lane 2) lacked AS
transcripts, but AS mRNA expression was detected in wild-type (lane I) and
revertan! cell lines Asp 0.1 A, Aza 10B, Aza IOC. Asp 0.1B, Asp 0.5D. EMS
200E, EMS 200F, and EMS 200G (lanes 3-10, respectively). The randomly
primed CHO AS cDNA insens pl6.4 and pl6.7 (A) and actin cDNAs (B) were
used as probes.

of genes involved in acquisition of drug resistance via a hypo
methylation event. The results presented here show that treat
ment of asparagine-dependent AS~ N3 CHO cells with the

chemotherapeutic agent L-asparaginase induces a significant
increase in the frequency of asparagine-independent clones.
Treatment with the alkylating agent (and mutagen) EMS also

No. ofdeter-
Cell line Treatment minations %m'-CydN3

Control5-Azacytidinel.UMg/ml5.0

Mg/ml10.0
Â»ig/ml15.0
(ig/ml20.0

Mg/mlEMS50.0

Â»ig/ml100.0
Mg/ml200.0
Mg/ml300.0

Mg/mlL-Asparaginase0.01

units/ml0.05
units/ml0.10
units/ml0.50

units/mlLabeling
in selectivemediumVincristine0.001

Mg/ml0.01
Mg/ml0.1

Mg/mlHydroxyureaIO'5

MIO-1

MIO'3
Mara-C0.1

I'M1.0

MM5.0

MM10.0
MMWT

ControlL-Asparaginase0.01

units/ml0.05
units/ml0.10
units/ml0.50

units/ml17333223333442433333333332543552.44

Â±0.03Â°2.08

Â±0.190.65
Â±0.100.61
Â±0.310.50

+0.310.36
Â±0.052.32

Â±0.052.37
Â±0.072.21

Â±0.132.14
Â±0.132.21

Â±0.021.88
Â±0.171.86
Â±0.161.84
Â±0.082.21

Â±0.022.42

Â±0.072.44
Â±0.222.45

Â±0.212.35

Â±0.022.53
Â±0.092.43
Â±0.032.39

+0.062.53
Â±0.092.32
Â±0.072.42
Â±0.042.59
+0.162.11

Â±0.162.36
Â±0.142.07

Â±0.132.04
Â±0.17

" Mean Â±SD.

induced an increase of such drug-resistant cells. Southern and
Northern analyses showed that drug-induced revenants had
undergone hypomethylation at the 5' end of the AS gene and

that the gene was expressed in the revenants. Furthermore,
high pressure liquid Chromatographie analysis showed that
these drugs also had a significant global hypomethylating effect,
consistent with the specific effect seen with AS.

The effect of EMS and L-asparaginase upon the emergence
of asparagine-independent clones was not as pronounced as
that obtained with 5-azaC treatment, which is not unexpected
given that 5-azaC probably inhibits mammalian methyltrans-
ferase directly (21 ). The inhibitory effect of 5-azaC upon DN A
methylation is well documented, both globally and in a gene-
specific manner. EMS, on the other hand, apparently inhibits
maintenance methylation by alkylation of substrate DNA,
which might interfere with the activity of methyltransferase or
render substrate sites inaccessible. It also may possibly modify
the enzyme itself (12). We cannot say whether or not the effect
of L-asparaginase upon the methylation pattern of AS was a
direct effect or rather the consequence of some indirect route
of gene activation. However, the 1% drop in overall methylation
observed when N3 cells were deprived of asparagine and not
exposed to any drug is suggestive that the effect of L-asparagi
nase may be mediated in part by its enzymatic degradation of
asparagine. Similar drops in methylation have been observed
following serum deprivation (11).

There are other well-known instances of abrupt changes in
levels of cellular drug resistance, as a result of alterations in the
methylation patterns of specific genes. One well-studied ex
ample is the acquisition of sensitivity to 6-thioguanine and
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bromodeoxyuridine in cell populations previously deficient for
the enzyme TK. When such cells are treated with 5-azaC, it has
usually been noted that a high proportion of the treated cells
can be reverted to a state of 6-thioguanine or bromodeoxyuri
dine sensitivity. This is invariably accomplished by acquisition
of TK activity, although the level of activity observed rarely
reached wild-type levels. The observations are easily explained
if it is assumed that at least one alÃeleof the tk gene is
inactivated by hypermethylation of critical sequences in the
drug-resistant cells but which can be reactivated by 5-azaC-
induced hypomethylation. Indeed, Southern blot analysis using
cDNA probes to the tk gene has confirmed this hypothesis. In
one set of experiments, Wise and Harris (22) demonstrated
that wild-type TK-positive CHO cells had multiple copies of
the TK gene, whereas TK-deficient mutants had only one
methylated copy which could be reactivated by 5-azaC treat
ment (22). Such experiments demonstrate that previously se
lected drug-resistant cells can, in some cases, be induced to
revert to a state of drug insensitivity by 5-azaC treatment.

Our results extend these observations by showing that drug-
sensitive cells (in this case sensitive to L-asparaginase) can
acquire a drug-resistant phenotype by activation of a gene
(asparagine synthetase) whose expression is associated with
drug resistance. From a clinical point of view this clearly
represents a potentially novel form of acquired drug resistance.
Moreover, we have shown that L-asparaginase, commonly used
for treatment of childhood ALL, can induce this effect (albeit
at lower levels than 5-azaC). Nyce (23) has also proposed that
chemotherapeutic drugs may affect the expression of drug re
sistance by altering levels of DNA methylation, although no
specific genes were analyzed in that particular study.

Drug-induced reversion to asparagine independence (and
therefore acquisition of an L-asparaginase-resistant phenotype)
occurred at values well above spontaneous levels, at a frequency
on the order of 10~5. In the case of human acute lymphoblastic

leukemia, it may presumably require the survival of only a few
drug-induced AS+ revenants, following chemotherapy, to result
in the eventual recurrence of a drug-resistant variant cell pop
ulation. In this result, L-asparaginase could act as both the
inductive and selective agent to facilitate this process.
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