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ABSTRACT
The cyanomorpholino derivative of doxorubicin (MRA-CN) is a DNA

intercalator and alkylator that is a highly potent cytotoxin, non-cross-
resistant in multidrug-resistant cells, and noncardiotoxic in comparison
with doxorubicin. To further examine mechanisms of action and resist
ance to MRA-CN, a cell line resistant to MRA-CN, ES-2R, was estab
lished by growing a human ovarian carcinoma cell line, ES-2, in increasing
concentrations of the drug. The resistant subline was 4-fold resistant to
MRA-CN and cross-resistant to other DNA cross-linking agents, cispla-
tin (7-fold) and carmustine (3-fold), as well as to the DNA strand-
breaking agents etoposide (6-fold), doxorubicin (2-fold), bleomycin (5-
fold), and ionizing radiation (2-fold). In contrast, ES-2R cells were not
cross-resistant to vinblastine. Several months of additional growth of ES-
2R cells in MRA-CN did not yield higher, stable levels of drug resistance.
A low level of P-glycoprotein was detectable in the ES-2R cells. However,
the extent of intracellular accumulation of [3H]MRA-CN by this resistant

cell line was identical to that of the sensitive line. The number of DNA
cross-links formed by cisplatin in ES-2R was only 50% of that of the
ES-2 cells and was associated with a 50% increase in the rate of repair
of these cross-links in the resistant cells. Ionizing radiation induced
similar amounts of single- and double-strand breaks in the ES-2 line as
well as in the ES-2R cells. There was no apparent difference between the
two cell lines in the rate and extent of repair of these DNA breaks. Thus,
enhanced DNA repair cannot explain the phenomenon of cross-resistance
to radiation. Comparisons of glutathione (GSH) content and the enzymes
involved in GSH homeostasis showed significant differences. Resistant
cells contained 1.5-fold more GSH, a 2.2-fold increase in â€¢¿�y-glutamyl-
transpeptidase activity, and a 2.4-fold increase in GSH reducÃasecom
pared with ES-2 cells (all P < 0.05). Total glutathione-S-transferase
(GST) activity was 2.6-fold higher (/' < 0.01) in the ES-2R line. The *â€¢-
class GST subunit by Western blotting and GST activity toward ethac-
rynic acid were increased 2-fold in the resistant cells. Depletion of GSH
levels in ES-2R cells by buthionine sulfoximine restored the sensitivity
of ES-2R to MRA-CN. These findings implicate a role for GSH metab
olism in the resistance phenotype of KS-2R cells. We have previously
reported that these cells have an increased generation time and decreased
topoisomerase II content. Thus, the ES-2R cell line exhibits a complex
phenotype of broad cross-resistance, which is likely to involve multiple
mechanisms, and includes enhanced DNA repair and increased GSH
content and GST activity.

INTRODUCTION
The anthracyclines, DOX" and daunorubicin, are widely used

as antineoplastic agents. However, the use of these compounds
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is limited by their cardiotoxicity, myelosuppression, and the
presence or development of drug resistance. A series of DOX
analogues has been synthesized by Acton et al. (1) in an effort
to circumvent these undesirable effects. One of these analogues,
MRA-CN (Fig. 1), is unique in that it is noncardiotoxic at
optimal cytotoxic doses (1, 2), 100- to 1000-fold more potent
than DOX (1-4), and active in tumor cells resistant to DOX
(2, 3). The mechanisms of action of MRA-CN include both
DNA cross-linking (5-9) and strand scission (10), whereas
DNA strand breakage is the major mode of action of DOX (11,
12).

MRA-CN is equally cytotoxic in MDR as well as in parental
drug-sensitive cells (2, 3). Thus, the P-glycoprotein-mediated
mechanism of MDR (13) is not likely to be responsible for
cellular resistance to MRA-CN. The basis for this non-cross-
resistance has not yet been well defined, although we hypothe
size that the substitution at the amino group of the daunosamine
moiety of MRA-CN may reduce the drug's affinity for P-

glycoprotein (9). Mechanisms of cellular resistance to MRA-
CN have not previously been characterized.

Several mechanisms of resistance to alkylating agents in
human and rodent cell lines have been reported, including
reduced membrane permeability, increased efficiency of DNA
repair, and alterations in GSH metabolism (14-21). Mamma
lian cells contain a family of GST Â¡soenzymes,termed a, n, and
7T,which can catalyze detoxification of some alkylators (19).
There is evidence that GSTs catalyze the conjugation of GSH
to electrophilic metabolites formed from nitrogen mustards (20,
21). The resultant decrease in steady-state level of these reactive
metabolites protects critical intracellular sites such as DNA
from alkylation.

In this study, we report the development of resistance to
MRA-CN in a human ovarian carcinoma cell line after pro
longed selection in this drug. Resistance to MRA-CN in these
cells is accompanied by broad cross-resistance to other alkyl
ating and DNA strand-breaking agents. We have previously
reported alterations in MRA-CN-induced DNA cross-links and
strand breaks as well as decreased topoisomerase II levels in
ES-2R cells (10). Additional studies of the ES-2R cells as
reported here reveal decreased repair of cisplatin-DNA cross
links and multiple changes in GSH metabolism.

MATERIALS AND METHODS

Drugs. The drugs used in this study and their sources are as follows:
MRA-CN (Dr. E. M. Acton, Drug Synthesis and Chemistry Branch,
National Cancer Institute, NIH); DOX (Adria Laboratories, Columbus,
OH); vinblastine (Eli Lilly & Co., Indianapolis, IN); bleomycin, cispla
tin, carmustine, and etoposide (Bristol Laboratories, Wallingford, CT);
and [3H]MRA-CN with 3H at carbons 2 and 6 of the cyanomorpholino

ring (Moravek Biochemicals, Inc., Brea, CA).
Cell Culture and Selection of Resistant Cells. A human ovarian

carcinoma cell line, ES-2, has been established in our laboratory. The
ES-2 cells were grown in increasing concentrations of MRA-CN from
0.1 nM to reach a final concentration of 0.4 nM, in which the cells were
maintained for 8 passages for approximately 6 mo. This drug-resistant
cell line was designated as ES-2R and has maintained its resistance
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Fig. 1. Chemical structures of doxorubicin and MRA-CN.

phenotype for more than 1 yr without continued drug selection during
subsequent studies. The cell lines were grown as monolayer cultures in
McCoy's Medium 5A (Irvine Scientific, Santa Ana, CA) supplemented

with 2 mM of glutamine, 5 jig/ml of insulin, 7.5% newborn calf serum,
100 units/ml of penicillin, and 100 Mg/ml of streptomycin (Gibco
Laboratories, Grand Island, NY).

Cytogenetic Analysis. Cytogenetics of the ES-2 and ES-2R cells were
analyzed according to the methods described by Gibes and Jackson
(22) and Seabright (23).

Cytotoxicity Assays. The cytotoxicities of MRA-CN, carmustine,
cisplatin, DOX, bleomycin, etoposide, and vinblastine were tested in
the ES-2 and ES-2R cells using a soft-agar clonogenic assay as previ
ously described (24). To study the cytotoxicity of radiation, appropriate
numbers of cells were plated in a growth medium containing 0.3% soft
agar in 12-well plates and incubated overnight under 5% CO2 and 95%
room air at 37Â°C.The plates were irradiated with 0, 100, 200, 400,
700, or 1000 cGy in a '"Cs 7-irradiator (Mark I, Model 25; J. L.

Shepherd & Associate, Glendale, CA). The plates were then kept in the
incubator to allow formation of colonies. The A>was determined from
the exponential portion of the radiation dose-survival curve.

Cell Preparation for Enzyme Assays. Cells were harvested from late-
log-phase cultures with 0.1% (w/v) trypsin and 0.001% (w/v) versene,
washed 3 times in phosphate-buffered saline (140 mM NaCl/2.7 mM
KC1/8 mM Na3POâ€ž,pH 7.4), and resuspended in 500 iÂ¿\of this buffer.
Samples were sonicated with three 10-s pulses on Power Setting 4
(sonifier; Bronson). The resulting sonicate was centrifuged at 18,000 x
g at 4Â°Cfor 20 min, and the supernatant was decanted. The cell pellet
was retained for measurement of -y-GT activity. Protein was estimated

in freshly prepared cell fractions by the bicinchoninic acid (Pierce
Chemical Co., Rockford, IL) method (25) with bovine serum albumin
as the standard. Cell fractions were stored as 150-|il aliquots in phos
phate-buffered saline at -70Â°Cfor further biochemical analysis.

GSH and Enzymatic Assays. GSH levels were measured fluorometr-
ically by the method of Hissin and Hilf (26). GST activities toward
CDNB, EA, and eumene hydroperoxide were determined in the super
natant fractions by the methods of Habig et al. (27) and Stockman et
al. (28). GRD activity was assayed fluorometrically (29). and GSH
peroxidase activity was determined spectrophotometrically (30). y-L-
Glutamyl-7-amino-4-methylcoumarin (Chemical Dynamic Corp.,
South Plainfield, NJ) was used as a substrate for assaying 7-GT activity
in the part Â¡culaiefraction of the cell preparation (31).

Depletion of GSH. GSH levels were depleted in both ES-2 and ES-
2R cells by incubating flasks of cells with 50 MMBSO for 48 h, with
replacement by fresh medium and BSO at 24 h. Cells were harvested
and plated into 96-well microtiter plates in the presence of 15 UMBSO
and left to attach for 24 h before addition of MRA-CN. Cytotoxicity
was assayed after 48 h of exposure to MRA-CN, using the MTT assay
as previously described (32).

Western Blot Analysis. Sodium dodecyl sulfate-polyacrylamide gel
eiectrophoresis was performed according to the method of Laemmli
(33). Western blots were carried out using the method described by
Towbin et al. (34) as modified by Lewis et al. (35). The rabbit antibodies
used were raised against the human ?r class GST (X, YfYf subunits).

human Â«class GST (B,B|, YaYa subunits), and human Â¡iclass GST
(M,YbYb subunits). Antisera were prepared as previously described (36,
37).

Immunoblotting of P-Glycoprotein. P-Glycoprotein levels in the sen
sitive and resistant cell lines were determined by an immunoblotting
method (38). Cells were lysed in 2% sodium dodecyl sulfate. Aliquots
of the lysate were loaded onto a nitrocellulose membrane on a slot-
blotting apparatus (Schleicher & Schuell, Keene, NH). The membrane
was blocked in 3% bovine serum albumin and incubated with a mouse
monoclonal antibody against P-glycoprotein, C219 (39) (Centocor,
Malvern, PA), and then with '"I-goat anti-mouse immunoglobulin G

antibody (ICN, Irvine, CA). The blot was visualized by autoradiography.
A P-glycoprotein-negative human sarcoma cell line, MES-SA (40), and
its MDR variant, Dx5 (41), were used as negative and positive controls
for P-glycoprotein expression.

|3H|MRA-CN Accumulation Study. Uptake of radioactivity by ES-2
and ES-2R incubated in 20 nM of [3H]MRA-CN at 37"C was studied

according to the method previously described (41).
DNA Cross-Link Formation and Repair Studies. Attached cells were

exposed to 30 nM cisplatin, and the numbers of DNA cross-links were
measured over 8 h using alkaline elution (42). For studies of repair,
ES-2 cells were exposed to 20 ^M and ES-2R cells to 30 ^M cisplatin
for 2 h, to achieve approximately equal numbers of cross-links. The
cells were then washed and incubated in drug-free medium to allow
formation and removal of DNA cross-links to proceed for up to 24 h.

Repair of Radiation-induced DNA Single- and Double-Strand Breaks.
To compare radiation-induced DNA single-strand breaks in ES-2 and
ES-2R cells, the attached cells were irradiated with 2, 3, 4, and 6 Gy of
7-radiation followed by alkaline elution. Double-strand breaks were
measured by neutral elution (42) after exposure to 10, 30, 50, 70, and
90 Gy. To study repair of single-strand breaks, attached cells were
irradiated with 6 Gy and then incubated in culture medium at 37"C for

up to 4 h. To assess repair of double-strand breaks, cells were irradiated
with 50 Gy, and repair of these breaks was followed in the medium for
4 h at 37Â°C.

Statistical Analysis. The results from the resistant cell line were
compared with that of the wild-type cell line. Statistical analysis was
performed using the unpaired Student i test.

RESULTS

Growth, Morphology, and Cytogenetics of ES-2R Cells. Fol
lowing prolonged exposure of the human ovarian carcinoma
cell line ES-2 to step-wise increasing concentrations of MRA-
CN from 0.1 to 0.4 DM, we were able to obtain a resistant
variant, ES-2R. The IC50s for ES-2 and ES-2R are 0.1 and 0.4
nM, respectively, giving a 4-fold relative resistance for the ES-
2R cells. We were unable to increase this level of resistance by
maintaining this cell line in higher concentrations of MRA-CN
for several months. This resistance phenotype was stable even
after more than a year of growth of the ES-2R cells in drug-

free medium.
The ES-2R cells grew more slowly, with a generation time of

36 h as compared with that of 24 h of the sensitive parental
cells. Also, the ES-2R cells assumed a diverse morphology in
contrast to a uniform epithelial-appearing morphology of the
ES-2 cells. In agar, the ES-2R cells formed colonies with loosely
packed cells as compared with the more tightly formed colonies
of the ES-2 cells.

Cytogenetic analysis revealed that the ES-2R cells, similar to
parental ES-2 cells, were highly aneuploid with chromosome

numbers ranging from 66 to 81, a modal chromosome number
of 75, and marked karyotypic heterogeneity from cell to cell.
No double minute chromosomes or homogeneously staining
regions were seen in the karyotypes of the ES-2R cells.

Cross-Resistance Phenotype. The sensitivities of ES-2 and
ES-2R in response to other antineoplastic drugs and radiation
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Table 1 Comparative sensitivities of the ES-2 and ES-2R cells to antineoplastic
drugs and radiation

Drug orradiationMRA-CN

(nM)Carmustine
(JIM)Cisplatin
((Â¿M)DOX
(/IM)Etoposide
(fiM)Bleomycin
I-.MIVinblastine
(>iM)Radiation

(cGy)1CÂ«,ES-20.11

Â±0.1f4.6

Â±1.24.10.130.110.030.030.50.020.060.010.01179

15or

fl0ES-2R0.45

Â±0.0314.8
Â±2.527.80.280.630.140.042.30.120.190.060.01293

28Resistance

ratio"4x3x7x2x6x5xIX2xPvalues*<0.001

(9f<O.OI
(4)<0.02
(4)<0.05
(3)<0.05
(3)<0.05
(3)>0.10(3)<0.05

(8)
â€¢¿�Resistance ratio, ratio of IC50or D0 of ES-2 to that of ES-2R.
* Unpaired Student's t test.
' Mean Â±SE.
Ã¡Numbers in parentheses, number.

were compared using the clonogenic assay. The ES-2R cell line
showed various degrees of cross-resistance to these agents as
shown in Table 1. The ES-2R cells were moderately resistant
to carmustine (3-fold), cisplatin (7-fold), etoposide (6-fold),
bleomycin (5-fold), and ionizing radiation (A>of 293 cGy versus
179 cGy), but they were minimally resistant to DOX (2-fold)
and not at all resistant to vinblastine.

GSH Levels and GSH-dependent Enzyme Activities. The lev
els of GSH and GSH-dependent enzymes in ES-2 and ES-2R
cells are shown in Table 2. GSH levels were significantly higher
in the resistant line ES-2R (1.5-fold). -y-GT, a membrane-bound

glycoprotein involved in GSH homeostasis, was increased by
2.2-fold in the resistant cells. GRD, an enzyme important in
the GSH oxidation-reduction cycle and in the maintenance of
GSH levels, was elevated in ES-2R cells by 2.4-fold. However,

total GSH peroxidase activity, i.e., both selenium dependent
and non-selenium dependent, using eumene hydroperoxide as
the substrate, was not detected in either of the cell lines (data
not shown). Selenium-dependent GSH peroxidase activity,
measured using hydrogen peroxide as a substrate, was also
undetectable in both cell lines (data not shown).

Overall GST activity, measured using CDNB as a substrate,
was 2.6-fold higher in ES-2R cells (Table 2). In order to
examine which GST isoenzymes were overexpressed, assays
were carried out using EA and eumene hydroperoxide, which
are relatively specific for the TTand Â«GST subunits, respectively.
A significant elevation in EA activity (2.5-fold) was observed in
ES-2R cells but, as mentioned above, no activity toward eumene

hydroperoxide was detected.
GSH Depletion Studies. Depletion of GSH by BSO in ES-2

and ES-2R cells reduced GSH levels to 18% and 15% of control
levels, respectively. The effect of this GSH depletion on the
cytotoxicity of MRA-CN is shown in Fig. 2. It is evident that
there was a selective modulation of toxicity in the resistant
cells, restoring their IC50 to that of the parental cells.

Immunological Analysis of GST Isoenzyme Content. In order
to confirm that the increase in ethacrynic acid activity in ES-

.001

Drug Cone. (nM)

Fig. 2. Effect of depletion of GSH by BSO on the cytotoxicity of MRA-CN in
ES-2 and ES-2R cells as determined by the MTT assay. O, ES-2 controls; â€¢¿�,ES-
2R controls: A, ES-2 cells treated with BSO: A. ES-2R cells treated with BSO.

2R cells was reflected in increased expression of TTclass isoen-
zyme protein, immunological analysis of GST isoenzyme con
tent in both ES-2 and ES-2R cells was performed by the
Western blot method (Fig. 3). Both cell lines contained a protein
that cross-reacted with the TTclass antibody and comigrated
with a purified TTGST standard. However, the expression of
this subunit was elevated 2-fold in the resistant ES-2R cells
compared with ES-2, as quantitated by laser densitometry. No
detectable expression of Â«or n GST subunits was observed in
any of the lines, even at twice the protein loading compared
with the 7Ttrack. These immunological data confirm the enzy
matic substrate analysis above.

P-Glycoprotein Expression. Both ES-2 and ES-2R cells con
tain low but detectable levels of P-glycoprotein, with a slight
increase (1.5- to 2-fold) in the ES-2R cells (data not shown).

Accumulation of |3H]MRA-CN. Upon incubation in 20 nM of
[3H]MRA-CN, the ES-2 and ES-2R cells accumulated the ra
dioactivity gradually and at the same rate over a 60-min period
as shown in Fig. 4.

DNA Damage and Repair. After exposing the cells to 30 nM
of cisplatin over an 8-h period, the number of DNA cross-links
as measured by alkaline elution increased linearly with time in
both cell lines, with the ES-2R cells showing approximately
50% of the level of cross-links of ES-2 cells (Fig. 5). In order
to follow DNA repair in the 2 cell lines with an initially similar
degree of cross-links, the ES-2 cells were exposed to 20 pM and
ES-2R cells to 30 MMof cisplatin for 2 h. After removal of
cisplatin from the medium, the number of DNA cross-links
continued to increase with time to similar peak levels at 8 h in
both cell lines (data not shown). Thereafter, the cross-links were

Table 2 Glutathione levels and CjSH-related enzyme activities in ES-2 and ES-2R cell lines
Probability values were determined by the unpaired Student t test. ES-2 versus ES-2R.

GSTactivityES-2

cells
ES-2R cellsGSH(nmol/mg

of
protein)15.8Â±

2.8"
23.3 Â±2.9*CDNB(nmol/min/mg

ofprotein)67.0

Â±14.5
171.5Â±30.8CEA(nmol/min/mg

ofprotein)3.5

Â±1.77.4
Â±1.7*-y-GT(nmol/min/mg

of membrane
protein)1.5

Â±0.4
3.3 Â±0.8*GRD(nmol/min/mg

ofprotein)13.3

Â±5.0
31.9 Â±7.2*

" Mean Â±SD from at least three separate experiments carried out in duplicate.
*/><0.05.
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Pi

Fig. 3. GST subunit content in ES-2 and
ES-2R cell lines. Western blots were carried
out as described, with 25 fig of soluble protein
per track for ir GST and 50 jig for both n and
(i GST. The bands were identified by the anti
bodies raised to the human .- class, Asubunit;
a class, B,B, subunits: and /. class, .. subunits.
STD, appropriate purified human GST subunit
(0.06 Mg);K. ES-2R; S. ES-2.
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Fig. 4. Time course of intracellular accumulation of radioactivity equivalent to
[JH)MRA-CN (pmol/106 cells) by ES-2 and ES-2R cells incubated in 20 nM
[3H|MRA-CN at 37"C. Points, mean; bars, SE (n = 3).

more potent cytotoxic agent as compared with other antineo-
plastic agents. The covalent DNA interstrand cross-links
formed by MRA-CN are thought to develop after initial com-
plexation with DNA by intercalation (5-10, 43). It has also
been shown that MRA-CN, but not DOX, inhibits ribosomal
gene transcription (44). The unique potency of MRA-CN may
be attributed to its targeted alkylating mechanism, since it
initially distributes into the nucleus of the cell as a lipophilic
DNA intercalator and forms DNA cross-links rapidly and
progressively (10, 43).

Resistance to MRA-CN is difficult to establish. We were
unsuccessful in obtaining MRA-CN-resistant variants of a hu
man sarcoma cell line, MES-SA (40). Only after prolonged
step-wise selection were we able to develop the resistant ovarian
carcinoma cell line, ES-2R, with a maximal stable resistance of
4-fold as compared with the parental line. This low level of
resistance to MRA-CN is similar to that obtained for other
alkylating agents, e.g., carmustine and cisplatin. Resistance to
these drugs is typically 5- to 10-fold that of the selecting agent
(45-48), with variable cross-resistance to other alkylating
agents (45-47). This is in contrast to the MDR mechanism,
where more than 100-fold resistance can readily be established
by selecting tumor cells in DOX (41, 48, 49), Vinca alkaloids
(49, 50), or colchicine (51). Our findings provide additional

removed at a faster rate in the ES-2R than the ES-2 cells, such
that 31% and 63%, respectively, of the peak levels of DNA
cross-links were detectable 16 h later (Fig. 6).

The number of DNA single-strand breaks or double-strand
breaks induced by ionizing radiation (2 to 6 Gy for single-strand
and 10 to 90 Gy for double-strand breaks) was identical in the
2 cell lines (data not shown). The repair of both single- and
double-strand breaks proceeded rapidly and at the same rate in
both cell lines (Figs. 7 and 8). With regard to single-strand
breaks, 50% were repaired in 10 min, the repair appeared to
plateau in 1 h, and repair was complete by the end of a 4-h
period in both cell lines. Repair of double-strand breaks pro
ceeded somewhat more slowly, with resolution of 50% of dou
ble-strand breaks within 20 min, and reached a plateau in 2 to
4 h, when 80 to 85% of these breaks were repaired in each cell
line.

DISCUSSION

We have established a cell line resistant to MRA-CN, which
enables us to further define the modes of action and resistance
of this anthracycline. As shown in Table 1, MRA-CN is a much

500

~ 400-

s 300^

Z
u
<
a

200-

100 -

Exposure Time (Hr)

Fig. 5. Time course of formation of DNA cross-links in rad equivalents (Rad
Eq) in ES-2 and ES-2R cells exposed to 30 MMof cisplatin. Two experiments for
each cell line at each time point.
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Fig. 6. Percentage of peak level of DNA cross-links removed in ES-2 and ES-

2R cells with time of incubation in drug-free medium after 2-h exposure to
cisplatin (20 /IM for ES-2 and 30 Â»JMfor ES-2R). Two experiments for each cell
line at each time point.
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Fig. 7. Time course of the percentage of DNA single-strand breaks repaired in
ES-2 and ES-2R after exposure to 6 Gy of ionizing radiation. Two to 3 experi
ments for each cell line per each time point.

evidence that MRA-CN acts more like an alkylating agent than
the structurally related anthracyclines, such as DOX.

The drug resistance phenotype of ES-2R cells is associated
with a 50% decrease in the level of cisplatin-induced DNA
cross-links (Fig. 5). This was accompanied by an approximately
2-fold increase in the rate of removal of DNA cross-links in
this resistant cell line after prolonged incubation in the drug-
free medium (Fig. 6). We chose cisplatin to study repair of
DNA cross-links because the ES-2R cells were cross-resistant
to cisplatin, and it has been shown that resistance to this
compound in other cells is associated with increased DNA
repair (51-53).

The alkaline elution technique cannot readily be used to study
the repair of MRA-CN-induced DNA cross-links, because treat

ment with MRA-CN also results in DNA strand breakage in
cells (10). This strand breakage is non-protein associated and
results in the paradoxical increase in measurable MRA-CN
cross-links in ES-2R cells which we have previously reported

(10).
The rate and extent of uptake of MRA-CN were identical in

the two cell lines (Fig. 4). Therefore, enhanced influx or efflux
of MRA-CN was apparently not associated with the resistance.

Resistance to alkylating agents has been associated with
changes in GSH levels and GSH-related enzymes in resistant
cells (15, 35, 54, 55). For this reason, we studied GSH metab
olism in our MRA-CN-sensitive and -resistant cells. ES-2R
cells had higher levels of GSH, GST, 7-GT, and GRD com
pared with the sensitive ES-2 cells. The increase in GSH content
in the ES-2R cells may be related to the corresponding increase
in 7-GT levels. This membrane-bound enzyme has been impli
cated in the regulation of GSH and has been shown to be
elevated in other cell lines resistant to alkylating agents (35,
55).

Depletion of GSH levels by the 7-glutamyl cysteine synthe-
tase inhibitor BSO resulted in a sensitization of the ES-2R cells
to MRA-CN. Sensitization of alkylator-resistant ovarian cancer
cell lines by depletion of GSH with BSO has been previously
demonstrated (48). It is of interest that GSH depletion did not
further sensitize the ES-2 cells to MRA-CN. The selectivity of
the effect provides evidence that the elevated GSH levels are an
important component of the resistance of ES-2R cells to MRA-

CN.
GSH peroxidase, which is involved in GSH oxidation-reduc

tion cycling and occasionally altered in other drug-resistant cell
lines (35), was not detectable in either our parental ES-2 or
resistant ES-2R cells. GRD, which is increased in the ES-2R
cells and involved in GSH oxidation-reduction cycling, is not
known to be involved in drug resistance. It is possible that the
increased GRD contributes to the cross-resistance of the resist
ant line to carmustine, since a reduced level of GRD has been
reported in nitrogen mustard-resistant Walker 256 cells that
were collaterally sensitive to nitrosoureas (56). However, it is
more likely that the cross-resistance of ES-2R cells to carmus
tine is due to enhanced DNA repair, since we have shown
increased removal of carmustine-induced DNA cross-links in
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Fig. 8. Time course of the percentage of DNA double-strand breaks repaired

in ES-2 and ES-2R after exposure to 50 Gy of ionizing radiation. Points, mean;
bars, SE (n = 3).
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ES-2 versus ES-2R cells (data not shown).
An increase in GSH levels in normal and tumor cells may be

an important mechanism of protection against cytotoxic drugs
(57). However, changes in the GST drug detoxification enzymes
in cell lines resistant to alkylating agents may occur with or
without altered GSH. For example, a 2-fold increase in GST
activity was detected in a chlorambucil-resistant Walker carci
noma WR cell line without a corresponding increase in GSH
(15). Changes in both GSH levels and GST activity were
observed in an in vivo model for drug resistance in ovarian
cancer (35). An increase in both a and -aclass GST activity was
observed in a chlorambucil-resistant Chinese hamster ovary cell
line, CHO-Chlr. This difference was associated with increased

mRNA expression and gene amplification for the a class genes
(55). In our ES-2R cells, GST activity was elevated 2-fold and
was associated with an increase in the TTclass isoenzyme. These
alterations in GSH metabolism may contribute to the resistance
of ES-2R cells to MRA-CN and the other alkylating agents.

The ES-2R cells were only 2-fold resistant to DOX and not
at all resistant to vinblastine. The phenomenon of non-cross-
resistance to MDR drugs is commonly observed with cancer
cells resistant to alkylating agents (54, 55). Neither ES-2 nor
ES-2R cells expressed high levels of P-glycoprotein as deter
mined by immunoblotting. The ES-2R cells showed relatively
high resistance to etoposide, which is a topoisomerase II inhib
itor (58, 59). This resistance to etoposide and the low-level
resistance to DOX may be due to a 2- to 4-fold decrease in the
topoisomerase II level in the ES-2R cells (10).

Cross-resistance to radiation of cells selected for resistance
to antineoplastic drugs has been well documented (48, 60). It
has also been shown that this cross-resistance is associated with
an increase in GSH and/or DNA repair (60). In this report, we
have shown that the ES-2R cells contained a higher level of
GSH and also expressed higher activities of GSH-metabolizing
enzymes. In contrast, using the techniques of alkaline and
neutral elutions, we found that the extent of formation and
repair of radiation-induced DNA single- or double-strand
breaks was not different between the ES-2 and the ES-2R cell
lines. Ataxia telangiectasia fibroblasts are sensitive to ionizing
radiation, yet they are apparently as proficient as normal cells
in rejoining single- and double-strand breaks (61, 62), which,
however, may be qualitatively different from those of the normal
cells (63). Bohr et al. (64) and Hanawalt (65) demonstrated that
selective rather than random repair of specific sequences of
DNA determined resistance to UV light. We postulate that,
although the rejoining of DNA breaks may be identical quan
titatively, the difference in sensitivity to radiation between the
2 cell lines may be due to qualitative differences in the DNA
repair, i.e., the ability of the resistant cells to correctly rejoin
the broken DNA and/or its capability to selectively repair vital
genes.

DNA repair mechanisms have been implicated as important
determinants of cellular response to bleomycin (66, 67). Since
bleomycin produces DNA strand breakage via generation of
oxygen-derived free radicals, similar to the effect of ionizing
radiation, it is possible that the repair of strand breaks is altered
in ES-2R cells. However, we were not able to demonstrate this
directly using alkaline elution in irradiated cells, and we have
not studied repair of bleomycin damage in these cells. Alter
natively, ES-2R cells may be more tolerant of DNA damage by
other, unknown mechanisms.

In conclusion, this study shows that development of resist
ance to MRA-CN results in broad cross-resistance to other

antineoplastic agents, and that this resistance is associated with
multiple biochemical changes. The alterations in glutathione
metabolism and DNA repair may represent linked or coordi-
nately regulated events (54, 60). Currently, we are studying the
heterogeneity of these changes and their relation to the resist
ance phenotype in individual clones of the ES-2R cells.

ACKNOWLEDGMENTS

The authors thank Dr. C. R. Wolf and Dr. J. D. Hayes for the gift
of the GST isoenzyme-specific antisera and George E. Duran for his
excellent technical assistance.

REFERENCES

1. Acton, E. M., Tong, G. L.. Mosher, C. W., and Wolgemuth, R. L. intensely
potent morpholinyl anthracyclines. J. Med. Chem., 27: 638-645, 1984.

2. Sikic, B. l., Ehsan, M. N., Harker, W. G., Friend. N. F.. Brown, B. W.,
Newman, R. A., Hacker, M. P., and Acton, E. M. Dissociation of anlitumor
potency from anthracycline cardiotoxicity in a doxorubicin analog. Science
(Washington, DC), 228: 1544-1546, 1985.

3. Streeter, D. G., Taylor. D. L., Acton, E. M., and Peters, J. H. Comparative
cytotoxicities of various morpholinyl anthracyclines. Cancer Chemother.
Pharmacol., 14: 160-164, 1985.

4. Johnston, J. B., and Glazer, R. I. Pharmacological studies of 3'-(4-morphol-
inyl)-3'-deaminodaunorubicin in human colon carcinoma cells in vitro. Can
cer Res., 43: 1044-1048, 1983.

5. Jesson, M. I., Johnston, J. B., Anhalt, C. D., and Begleiter. A. Effects of 3'-
(3-cyano-4-morpholinyl)-3'-deaminoadriamycin and structural analogues on
DNA in HT-29 human colon carcinoma cells. Cancer Res., 47: 5935-5938,
1987.

6. Wasserman, K.. Zwelling, L. A., Mullins, T. D., Silberman, L. E., Andersson,
B. S., Bakic, M., Acton, E. M., and Newman, R. A. Effects of 3'-deamino-
3'-(3-cyano-4-morpholinyl)doxorubicin and doxorubicin on the survival,

DNA integrity, and nucleolar morphology of human leukemia cells in vitro.
Cancer Res., 46:4041-4046, 1986.

7. Begleiter, A., and Johnston, J. B. DNA cross-linking by 3'-(3-cyano-4-
morpholinyl)-3'deaminoadriamycin in HT-29 human colon carcinoma cells
in vitro. Biochem. Biophys. Res. Commun., I3I: 336-338, 1985.

8. Westendorf, J., Groth, G., Steinheider, G., and Marquardt, H. Formation of
DNA-adducts and induction of DNA-crosslinks and chromosomal aberra
tions by the new potent anthracycline antitumor antibiotics: morpholino-
daunomycin, cyanomorpholino-daunomycin, and cyanomorpholino-Adria-
mycin. Cell Biol. Toxicol., /: 87-101. 1985.

9. Scudder, S. A., Brown, J. M., and Sikic, B. I. DNA cross-linking and
cytotoxicity of the alkylating cyanomorpholino derivative of doxorubicin in
multidrug-resistant cells. J. Nati. Cancer Inst., 80: 1294-1298, 1988.

10. Lau. D. H. M., Ross, K. L.. and Sikic, B. I. Paradoxical increase in DNA
cross-linking in a human ovarian carcinoma cell line resistant to cyanomor
pholino doxorubicin. Cancer Res., 50:4056-4060, 1990.

11. Schwartz, H. S. DNA breaks in P388 tumor cells in mice after treatment
with daunorubicin and Adriamycin. Res. Commun. Chem. Pathol. Pharma
col., 10: 51-64. 1975.

12. Levin, M., Silber, R., Israel, M. Goldfeder, A., Khetarpal, K. V., and
Potmesil, M. Protein-associated DNA breaks and DNA-protein cross-links
caused by DN A nonbinding derivatives of Adriamycin in L1210 cells. Cancer
Res., 41: 1006-1010, 1981.

13. Juliano, R. L., and Ling, V. A surface glycoprotein modulating drug perme
ability in Chinese hamster ovary cell mutant. Biochim. Biophys. Acta, 455:
152-162, 1976.

14. Hansson, J., Lewensohn, R., Ringborg, U., and Nilsson, B. Formation and
removal of DNA cross-links induced by melphalan and nitrogen mustard in
relation to drug-induced cytotoxicity in human melanoma cells. Cancer Res.,
47: 2631-2637, 1987.

15. Wang, A. L., and Tew, K. D. Increased glulathione-.V-transferase activity in
a cell line with acquired resistance to nitrogen mustards. Cancer Treat. Rep.,
69: 677-682, 1985.

16. Wolf, C. R., Lewis, A. D., Carmichael, J., Ansell, J., Adams, D. J., Hickson,
I. D., Harris, A., Balkwill, F. R., Griffin, D. B., and Hayes, J. D. ( .limitinone
.S-transferase expression in normal and tumour cells resistant to cytotoxic
drugs. In: T. J. Mantle. C. B. Pickett. and J. D. Hayes (eds.), Glutathione-.S"-
transferases and Carcinogenesis, pp. 199-212. New York: Taylor and Fran
cis, 1987.

17. Goldenberg, G. J., and Begleiter, A. Alterations in drug transport. In:
Handbook of Experimental Pharmacology, Vol. 72, p. 241. Berlin: Springer-
Verlag, 1984.

18. Begleiter, A., Grover, J., Froese, E., and Goldenberg, G. J. Membrane
transport, sulfhydryl levels, and DNA cross-linking in Chinese hamster ovary
mutants sensitive and resistant to melphalan. Biochem. Pharmacol., 32:293-
300. 1983.

19. Mannervik, B. The isoenzymes of glutathione transferase. Adv. Enzymol.,
57:357-417, 1985.

5186

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/19/5181/2445652/cr0510195181.pdf by guest on 19 M

ay 2023



MRA-CN RESISTANCE MECHANISMS

20. Chasseaud, L. F. The role of glutathione and glutathione-S-transferase in the
metabolism of chemical carcinogens and other electrophilic agents. Adv.
Cancer Res.. 29: 175-274. 1979.

21. Dulik. D. M., Feneselau. C., and Hilton, J. Characterization of melphalan-
glutathione adducts whose formation is catalyzed by glutathione-S'-transfer-

ases. Biochem. Pharmacol., 35: 3405-3409. 1986.
22. Gibes. L. M.. and Jackson. L. G. A new hypotonie solution for cytogenetic

analysis of leukemia bone marrow cells. Karyogram. //: 91-92. 1985.
23. Seabright, M. A rapid banding technique for human chromosomes. Lancet.

2:971-972. 1971.
24. Mackintosh. F. R., Evans. T. L.. and Sikic. B. I. Methodologie problems in

clonogenic assays of spontaneous human tumors. Cancer Chemother. Phar
macol.. 6: 205-210. 1981.

25. Smith, P. K., Krohn. R. I., Hermanson. G. T., Mallia. A. K., Gartner. F. H.,
Provenzano. M. D.. Fujimoto, E. K.. Goeke. N. M., Olson, B. J.. and Klenk,
D. C. Measurement of protein using bicinchoninic acid. Anal. Biochem.. 750:
76-85. 1985.

26. Hissin, P. J., and Hilf, F. R. A fluorometric method for the determination
of oxidized and reduced glutathione in tissues. Anal. Biochem., 74: 214-216,
1976.

27. Habig, W. H., Pabst, M. J.. and Jakoby, W. B. Glutathione transferases, the
first enzymatic step in mercapuric acid formation. J. Biol. Chem.. 249:7130-
7139. 1974.

28. Stockman, P. K., McLellan, L. I., and Hayes, J. D. Characterisation of the
basic GST Bl and B2 subunits from human liver. Biochem. J.. 244: 55-61,
1987.

29. Weiss, C.. Maker. H. S.. and Lehrer, G. M. Sensitive fluorometric assays for
glutathione peroxidase and reducÃase.Anal. Biochem.. 106: 512-516, 1980.

30. Paglia, D. E., and Valentine. W. N. Studies on quantitative and qualitative
characterisation of erythrocyte glutathione peroxidase. J. Lab. Clin. Med..
70: 158-169. 1967.

31. Smith. G. D.. Ding. J. L.. and Peters, T. J. A sensitive fluorimetrie assay for
gamma glutamyl transpeptidase. Anal. Biochem., 100: 136-139. 1979.

32. Lau. D. H. M., Lewis. A. D.. and Sikic, B. I. Association of DNA cross-
linking with potentiation of the morpholino derivative of doxorubicin by
human liver microsomes. J. Nati. Cancer Inst.. 81: 1034-1038. 1989.

33. Laemmli. U. K. Cleavage of structural proteins during assembly of head of
bacteriophage-T4. Nature (Lond.). 227:680-685, 1970.

34. Towbin, H., Staehelin, T., and Gordon. J. Electrophoretic transfer of protein
from polyacrylamide gels to nitrocellulose sheets: procedures and some
applications. Proc. Nati. Acad. Sci. USA, 76: 4350-4354. 1979.

35. Lewis, A. D., Hayes, J. D., and Wolf, C. R. Glutathione and glutathione-
dependent enzymes in ovarian adenocarcinoma cell lines derived from a
patient before and after the onset of drug resistance: intrinsic differences and
cell cycle effects. Carcinogenesis (Lond.), 9: 1283-1287, 1988.

36. Hayes, J. D., Gillian, D.. Chapman. B. J., and Beckett, G. J. Purification of
human hepatic glutathione S-transferases and the development of a radio-
immunoassay for their measurement in plasma. Clin. Chim. Acta, 134: 107-
121. 1983.

37. Stockman. P. K.. Beckett. G. J.. and Hayes. J. D. Identification of a basic
hybrid |i,.utathione-S'-transferase from human liver. Biochem. J.. 227: 457-

465. 1*85.
38. Lau, D. H. M.. Lewis. A. D., Ross. K. L., and Sikic, B. I. An immunoblotting

assay for rapid and sensitive detection of P-glycoprotein in multidrug-resist-
ant can-rer cells. Proc. Am. Assoc. Cancer Res., 31: 374, 1990.

39. Kartner. N., Evernden-Porelle, D.. Bradley. G.. and Ling. V. Detection of P-
glycoprotein in multidrug-resistant cell lines by monoclonal antibodies. Na
ture (Lond.). 316: 820-823. 1985.

40. Harker, W. G., Mackintosh, F. R., and Sikic. B. I. Development and
characterization of a human sarcoma cell line, MES-SA, sensitive to multiple
drugs. Cancer Res., 43: 4943-4950, 1983.

41. Harker, W. G., and Sikic, B. I. Multidrug (pleiotropic) resistance in doxo-
rubicin-selected variants of the human sarcoma cell line MES-SA. Cancer
Res., 45:4091-4096, 1985.

42. Kohn, K. W., Ewig. R. A. G.. Erickson, L. C., and Zwelling, L. A. Measure
ment of strand breaks and cross-links by alkaline elution. In: E. Friedberg
and P. Hanawalt (eds.), DNA Repair: A Laboratory Manual of Research
Procedures, pp. 379-401. New York: Marcel Dekker. Inc., 1981.

43. Jesson, M. I., Johnston, J. B., Robotham, E., and Begleiter, A. Characteriza
tion of the DNA-DNA cross-linking activity of 3'-(3-cyano-4-morpholinyl)-
3'-deaminoadriamycin. Cancer Res.. 49: 7031-7036. 1989.

44. Wassermann, K.. Newman. R. A.. Davis, F. M., Mullins. T. D., and Rose,
K. M. Selective inhibition of human ribosomal gene transcription by the
morpholinyl anthracyclinescyanomorpholinyl- and morpholinyldoxorubicin.
Cancer Res.. 48: 4101-4106. 1988.

45. Elliott. E. M., and Ling, V. Selection and characterization of Chinese hamster

ovary cell mutants resistant to melphalan (L-phenylalanine mustard). Cancer
Res., 41: 393-400. 1981.

46. Hospers, G. A. P., Mulder. N. H., de Jong. B., de Ley, L.. Uges, D. R. A.,
Fichtinger-Schepman, A. M. J., Scheper, R. J., and de Vries, E. G. E.
Characterization of a human small cell lung carcinoma cell line with acquired
resistance to m-diamminedichloroplatinum(Il) in vitro. Cancer Res., 48:
6803-6807,1988.

47. Teicher, B. A., Cucchi, C. A., Lee, J. B.. Flatow. J. L., Rosowsky. A., and
Frei, E., HI. Alkylating agents: in vitro studies of cross-resistance patterns in
human tumor cell lines. Cancer Res., 40:4379-4383, 1986.

48. Louie, K. G., Behrens. B. C., Kinsella. T. J.. Hamilton. T. C.. Grotzinger.
K. R., McKoy, W. M., Winker, M. A., and Ozols, R. F. Radiation survival
parameters of antineoplastic drug-sensitive and -resistant human ovarian
cancer cell lines and their modification by buthionine sulfoximine. Cancer
Res., 45:2110-2115, 1985.

49. Shen, D. W.. Cardarelli. C.. Hwang. J.. Cornwell, M., Richer!. N., Ishiii, S.,
Pastan. !.. and Gottesman, M. M. Multiple drug-resistant human KB carci
noma cells independently selected for high-level resistance to colchicine,
Adriamycin. or vinblastinc show changes in expression of specific proteins.
J. Biol. Chem.. 261: 7762-7770, 1986.

50. Bradley, G., Naik, M., and Ling, V. P-Glycoprotein expression in multidrug-
resistant human ovarian carcinoma cell lines. Cancer Res., 49: 2790-2796,
1989.

51. Masuda. H., Ozols, R. F., Lai, G. M., Fojo. A.. Rothenberg, M.. and
Hamilton, T. C. Increased DNA repair as a mechanism of acquired resistance
to n5-diamminedichloroplatinum(Il) in human ovarian cancer cell lines.
Cancer Res., 48: 5713-5716, 1988.

52. Eastman, A., and Schulte, N. Enhanced DNA repair as a mechanism ofresistance to a'j-diamminedichloroplatinum(Il). Biochemistry'. 27: 4730-

4734. 1988.
53. Sheibani. N., Jennerwein, M. M., and Eastman, A. DNA repair in cells

sensitive and resistant to m-diamminedichloroplatinum(II): host cell reacti
vation of damaged plasmid DNA. Biochemistry. 28: 3120-3124, 1989.

54. Lai, G. M., Ozols, R. F., Young, R. C.. and Hamilton. T. C. Effect of
glutathione on DNA repair in cisplatin-resistant human ovarian cancer cell
lines. J. Nati. Cancer Inst., */: 535-539, 1989.

55. Lewis. A. D., Hickson, I. D., Robson. C. N.. Harris. A. L.. Hayes. J. D.,
Griffiths, S. A., Manson, M. M., Hall, A. E., Moss, J. E., and Wolf. C. R.
Amplification and increased expression of alpha class glutathione-S-transfer-
ase genes associated with resistance to nitrogen mustards. Proc. Nati. Acad.
Sci. USA, 85:8511 -8515, 1988.

56. Tew, K. D., Kyle, G., Johnson. A., and Wang, A. L. Carbamoylation of
glutathione reducÃaseand changes in cellular and chromosome morphology
in a rat cell line resistant to nitrogen mustards but collaterally sensitive to
nitrosoureas. Cancer Res., 45: 2326-2333, 1985.

57. Wolf, C. R., Lewis, A. D., Carmichael, J., Adams, D. J.. Allan, S. G., and
Ansell. D. J. The role of glutathione in determining the response of normal
and tumour cells to anticancer drugs. Biochem. Soc. Trans., 15: 728-730,
1987.

58. Van Maanen, J. M. S., Retel, J., de Vries, J.. and Pinedo, H. M. Mechanism
of action of antitumor drug etoposide: a review. J. Nati. Cancer Inst., 80:
1526-1533. 1988.

59. Ferguson, P. J.. Fisher. M. H., Stephenson. J.. Li. D., Zhou. B., and Cheng,
Y. Combined modalities of resistance in etoposide-resistant human KB cell
lines. Cancer Res., 48: 5956-5964, 1988.

60. Ozols. R. F.. Masuda, H.. and Hamilton. T. C. Keynote address. Mechanisms
of cross-resistance between radiation and antineoplastic drugs. NCI Monogr.,
6: 159-165. 1988.

61. Jaspers, N. G. J., De Wit, J., Regulski, M. R.. and Bootsma. D. Abnormal
regulation of DNA repair and increased lethality in AT cells exposed to
carcinogenic agents. Cancer Res., 42: 335-341, 1982.

62. Lehman. A. R., and Stevens. S. The production and repair of double strand
breaks in cells from normal humans and from patients with AT. Biochim.
Biophys. Acta, 474: 49-60, 1977.

63. Cox. R., Masson, W. K., Debenham. P. G.. and Webb, M. B. T. The use of
recombinant DNA plasmids for the determination of DNA-repair and recom
bination in cultured mammalian cells. Br. J. Cancer, 49 (Suppl. VI): 67-72,
1984.

64. Bohr, V. A., Phillips, D. H.. and Hanawalt. P. C. Heterogeneous DNA
damage and repair in the mammalian genome. Cancer Res.. 47:6426-6436,
1987.

65. Hanawalt, P. C. Fine structure analysis of DNA repair in the mammaliangenome. Proc. Am. Assoc. C'ancer Res.. 30: 659, 1989.

66. Zuckerman, J. E., Raffin, T. A.. Brown, J. M., Newman, R. A., Etiz. B. B..
and Sikic. B. 1.In vitro selection and characterization of a bleomycin-resistant
subline of B16 melanoma. Cancer Res., 46: 1748-1753, 1986.

67. Sikic, B. I. Biochemical and cellular determinants of bleomycin cytotoxicity.
Cancer Surv., 5:81-91. 1986.

5187

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/19/5181/2445652/cr0510195181.pdf by guest on 19 M

ay 2023


