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ABSTRACT

Studies haÂ»csuggested that the a class glutathione S-transferase
(GST) may protect cells from the chemotherapeutic drugs chlorambucil
and melphalan. In order to further define the function of human a class
GST, a complementary DNA which encodes it was (Â¡gatedinto an
expression vector under the direction of the human metallothionein-IIA
promoter and stably transfected into human MCF-7 breast cancer cells
in conjunction with the G418-selectable plasmid pSV2neo. Clonal cell
lines were identified which expressed increased levels of GST enzyme
activity (2.2- to 5.6-fold). The transfected cell lines also had increased
peroxidase activity using eumene hydroperoxide as the substrate (1.9- to
3.8-fold) which is consistent with the intrinsic peroxidase activity of a
class GSTs. Southern blot analysis indicated that genomic DNA from
these cells contained a fragment indistinguishable from the transfected a
class GST complementary DNA (850 base pairs); Northern blot analysis
of total cellular RN'A indicated that these cells contained appropriately

sized a class GST RNA (980 nucleotides); and Western blot analysis
indicated that, while MCF-7 cells contained no detectable a class GST
protein, the transfected cells contained markedly elevated levels of a
class GST but no detectable in or ir class GST. These a class GST
transfected cells had increased resistance to ethacrynic acid (2.1- to 3.0-
fold). However, the transfected cells failed to show any increased resist
ance measured at the drug dosage which inhibited 50% of the colony
formation to the chemotherapeutic drugs chlorambucil, melphalan, Adri
amycin, or cisplatin under conditions of either continuous or 1-h drug
exposure. Neither was there any change in sensitivity to the cytotoxins
benzo(a)pyrene, benzo(a)pyrene-fÂ«r/iÃ-7,8-dihydrodÂ¡ol-9,10-epoxÂ¡de
unni ).or l-chloro-2.4-dinitrobenzene. These studies indicate that expres
sion of this humana class GST by itself in MCF-7 human breast cancer
cells does not confer resistance to the chemotherapeutic drugs tested
under the conditions used in these studies.

INTRODUCTION

GSTs4 are a family of multifunctional isoenzymes that are

widely distributed throughout the animal and plant kingdoms
(1-3). GSTs catalyze the conjugation of electrophilic hydro-
phobic xenobiotics with glutathione, in general producing me
tabolites that are more readily excretable and less toxic (4). The
mammalian GSTs can be classified into three distinct groups
of soluble or cytosolic isozymes referred to by the Greek letters
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a, fi, and 7Tand a fourth family of membrane-bound (microso-
mal) GSTs (5, 6). Each of the classes of GSTs differs in their
pattern of substrate and inhibitor specificity.

Expression of GSTs in cancer cells may be of particular
relevance to the phenomenon of drug resistance. Increased
glutathione content, resulting in increased drug detoxification,
was first proposed more than 25 years ago as a mechanism of
drug resistance in tumor cells (7, 8). During the past 6 years,
an increasing body of data has suggested that there may be a
link between acquired drug resistance and overexpression of
glutathione and glutathione-dependent enzymes in both normal
and tumor cells (9-13). Furthermore, some GSTs have been
shown to catalyze the conjugation with GSH of the specific
antineoplastic agents melphalan (14, 15), chlorambucil (16),
cyclophosphamide (17), l,3-bis(2-chloroethyl)-l-nitrosourea
(18, 19), and their metabolites.

Several lines of evidence implicate the Â«class GSTs in
chemotherapeutic drug resistance. First, the level of Â«class
GSTs were increased in several well-characterized rodent cell
lines which had been selected for chlorambucil resistance (20-
23). These cell lines exhibited different patterns of cross-resis
tance to other chemotherapeutic drugs such as melphalan,
cisplatin, nitrogen mustard, other alkylating agents, and mito-
mycin C (24). Second, transfection of the human Â«class GST
B, into yeast resulted in resistance to chlorambucil (2- to 8-
fold) and Adriamycin (3- to 16-fold) (25). Another study in
volving the transfection of the rat Â«class Ya gene achieved only
modest resistance to antineoplastic agents (26). In addition a
class GST levels were increased in rat livers during chemical
hepatocarcinogenesis (27) and in some patient tumors (28).
Finally, purified a class GSTs have been shown to catalyze the
conjugation of the alkylating agent melphalan with glutathione
(15).

In order to examine the possible role of Â«class GSTs in
antineoplastic drug resistance, we have constructed an expres
sion vector containing a cloned human a class GST cDNA
(pGTHl) which encodes the GST 1 subunit (29, 30). Partial
amino acid sequence determination of the human GST B,
subunit has suggested that it is encoded by this Â«class GST
gene (31). To be consistent with the rat GST gene nomenclature
we shall refer to the gene product of pGTHl as the GST 1
subunit which forms homodimers referred to as the GST 1-1
isozyme(32). Following transfection of this a class GST expres
sion vector into drug-sensitive MCF-7 cells, which normally
have low levels of total GST enzyme activity and undetectable
levels of Â«class GST protein, individual clonal cell lines that
expressed the transfected gene were tested and examined for
changes in sensitivity to cytotoxins.

MATERIALS AND METHODS

Materials. CDNB, chlorambucil, and cisplatin were obtained from
Sigma Chemical Co. (St. Louis, MO). Melphalan and Adriamycin were
pharmaceutical grade and were obtained from Burroughs Wellcome
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(Research Triangle Park. NC) and Adria Laboratories (Columbus. OH),
respectively. Benzo(a)pyrene and BPDE were obtained from the NCI
Chemical Carcinogen Repository at the Midwest Research Institute
(Kansas City, MO). Reagents for the determination of GST. glutathione
peroxidase, and GSH levels were obtained from Sigma, molecular
biology reagents were purchased from New England Biolabs (Beverly,
MA) or Bethesda Research Labs (Gaithersburg, MD), and radioiso-
lopes were obtained from Amersham (Arlington Heights, IL).

Construction of Expression Vectors. The human Â«class GST cDNA
pGTH 1was originally isolated from a human liver ,\gt 11 cDNA expres
sion library (29). It is 810 base pairs long and contains 66 nucleotides
of the 5'-noncoding region, a 666-base pair open reading frame, and a
78-base pair 3'-noncoding sequence including the polyadenylation se

quence AATAAA. This gene is identical to an independently isolated
human Â«class GST (33).

The plasmid vector pMTP-3H was the generous gift of Drs. Dwight
Kaufman (National Cancer Institute) and Neal Rosen (Georgetown
University). This vector contains an 832-base pairs genomic fragment
of the human metallothioncin-IIA promoter which spans bases â€”761to
+71 (34). It was constructed by the insertion of a multiple cloning site
into this expression vector 3' to the promoter and the insertion of a

sequence containing the simian virus 40 T-antigen polyadenylation
sequence from pSV2gpt (35) 3' to the polylinker. The EfoRI insert of

pGTHl was ligated into the Â£VoRIsite of the multiple cloning site of
pMTP-3H to form the expression vector pMTP-GTHl. The resulting
plasmid was transformed into Escherichia coli HB101 and isolated by
standard procedures (36). All plasmids used for transfection were
purified by double banding in CsCl density gradients (36).

Transfection of MCF-7 Cells. Human MCF-7 breast cancer cells (37)
were grown in improved minimal essential medium (38) (Gibco, Grand
Island, NY) containing 2 mg/ml proline. 50 Mg/ml gentamycm, and
10% fetal bovine serum (Gibco). MCF-7 cells (4 x 105/10-cm plate)
were cotransfected with pMTP-GTHl expression vector (18 ng) and
pSV2neo (39) (2 ^g) using a modified calcium phosphate precipitation
method (40). Transfected cells were selected for resistance to G418 (1.0
mg/ml) (Gibco). Another population of MCF-7 cells was transfected
with pBR322 plus pSV2neo (10:1) and similarly selected for G418
resistance to serve as a transfected control (MCF-7/pSV2neo) in order
to ensure that the selectable gene had no effect on our experimental
results.

Biochemical Analysis. Approximately 150 clones surviving G418 se
lection from 10 plates of cells were assayed for GST expression follow
ing lysis by sonication at 4Â°Cin 50 niM Tris(HCl). pH 7.5-2 rriMEDTA.

Total GST enzyme activity was assayed using CDNB as a substrate
(41). Protein levels were determined using the Coomassie protein assay
(Pierce, Rockford, IL). One unit of GST activity is defined as that
which will conjugate 1 nmol of CDNB/min with glutathione. Purified
GST isozymes display different specific activities for the substrate
CDNB. The Â«class GSTs have less than one-half the specific activity
toward CDNB relative to iÂ¿class isozymes (3). Clonal cell lines were
also screened in parallel by Western blot analysis as described below.

Since the a class GSTs display intrinsic organic peroxidase activity
toward the substrate eumene hydroperoxide (3), peroxidase levels were
determined in the transfected and control cell lines. Cells were harvested
by scraping into 50 m.MTris(HCl), pH 7.5-10 HIMEDTA and assayed
for peroxidase activity using eumene hydroperoxide as the substrate
(42). One unit of peroxidase activity is defined as that which will
catalyze the reduction of I nmol peroxide/min.

The concentration of reduced GSH was determined on cells which
had been plated at a density of 5 x IO6cells/ 150-cnr culture flask. The

cells were harvested the next day by trypsinization followed by washing
in phosphate-buffered saline. Total cellular protein levels were deter
mined using the bicinchoninic acid protein assay (Pierce). Reduced
GSH levels were determined following deproteinization in 2% sulfo-
salicylic acid using the method of Tietze (43).

Nucleic Acid Analysis. Transfected cells were harvested in phosphate-
buffered saline and lysed in guanidinium isothiocyanate, and nucleic
acids were fractionated by CsCl gradient centrifugation (36). DNA from
the CsCl gradients was extracted with chloroform: 1-butanol (4:1) and

extensively dialyzed against 10 mM Tris(HCl)-! mM EDTA, pH 7.5.
For Southern transfer analysis, genomic DNA was digested with EcoRl
and purified by phenol extraction and ethanol precipitation. DNA was
fractionated by electrophoresis on a 1% agarose gel. depurinated.
transferred to a Nytran membrane (Schleicher and Schuell, Keene,
NH). and hybridized to "P-labeled pGTHl using conditions described

by the manufacturer. RNA was prepared as described previously (36),
and RNA slot blots of total cellular RNA were made using a slot blot
apparatus according to directions supplied by the manufacturer
(Schleicher and Schuell). For Northern transfer analysis, total cellular
RNA was separated by electrophoresis on 1% agarose gels in the
presence of formaldehyde (44) and then transferred to a Nytran mem
brane.

Western Blot Analysis. Cytosolic protein (100 ng) was separated by
electrophoresis on a 13.5% sodium dodecyl sulfate-polyacrylamide gel
and transferred onto nitrocellulose using a semidry electroblotting
apparatus (45). The blots were blocked with 5% milk and incubated
overnight in 5% milk containing a 1:2000 dilution of immunoaffinity
purified rabbit antibody directed against human Â«class GST. After
several washes in 5% milk, the blots were incubated for 2 h at room
temperature in 5% milk containing a 1:500 dilution of horseradish-
peroxidase-conjugated goat anti-rabbit IgG. The blots were developed
in phosphate-buffered saline containing 0.5 mg/ml 4-chloro, 1-napthol,
15% methanol, and 0.015% H2O2. A similar procedure was used to
detect jr class and n class GST using appropriate class-specific immu-
noaffinity-purified human antibodies (45).

Cytotoxicity Assay. Cells (400/well) were plated in 12-well culture
plates. The next day drug was added to quadruplicate wells for I h. The
drug was removed, the cells were washed once in an equal volume of
medium containing serum, and then the cells were incubated for I
week. The medium was removed and the cells were fixed in methanol
plus 5 mM mÃ©thylÃ¨neblue for 20 min. The dye was removed and the
cells were washed, dried, and counted with an Artek colony counter.
The cloning efficiency under these conditions was 45%. In continuous
drug exposure experiments, the drug was not removed. The relative
colony-forming efficiency was expressed as the percentage of the num
ber of colonies formed in control wells containing no drug compared
to the colonies formed in the presence of drug. For the LDW analysis,
4000 cells were plated in 10-cm plates. The cells were treated as above
for I h except that the cells were grown for 2 weeks. The LD<0 and
LDWvalues were determined from the cytotoxicity data using a math
ematical transformation in which the log of the fraction of affected
cells divided by the fraction of unaffected cells was plotted versus the
log of the drug concentration (46). The resulting equation was then
solved to determine the log of the LDio or I I>.â€ž,.

RESULTS

Transfection of a Class GST Expression Construct. A human
Â«class GST expression vector was constructed by subcloning
the pGTHl cDNA into the pMTP-3H expression vector (Fig.
\B). This construct contained the 66-base pair 5'-noncoding
region, 222 amino acid-coding region, and 78-base pair 3'-

noncoding sequence with a polyadenylation sequence from
pGTHl and the human metallothionein-IIA promoter. The
expression vector was transfected into human MCF-7 breast
cancer cells with the selectable pSV2neo plasmid, and cells
resistant to l mg/ml G418 were selected.

Approximately 150 transfected clonal cell lines were isolated
and analyzed for GST enzyme activity using the GST substrate
CDNB. Three clonal cell lines transfected with the GST expres
sion vector (pMTP-GTHl) and containing increased levels of
GST enzyme were selected for further analysis. One control
transfected cell line (22N) transfected with pSV2neo alone was
also selected. As shown in Table 1, the cell line GSTÂ«|4(>had
the highest CDNB activity of all analyzed transfected cell lines
and had 5.6-fold higher activity than the parental MCF-7 cells.
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Fig. 1. A, human <>class GST expression vector DNA in transfected cells. The
DNAs (25 jjg) Â«eredigested with EcoRl and fractionated on a I'V agarose gel.
The DNA was dcpurinated. transferred lo a Nytran membrane, and hybridized
to "P-labelcd n class GST cDNA pGTHl. DNA was isolated from the indicated
cell line: lane I, MCF-7 (\VT): lane 2, 22N (pSV2neo-transfected control): lane
3, GSTÂ«,,: lane 4, GSTÂ«140;lane 5, GSTÂ«MI. B, Structure of GSTÂ« expression
vector. The 810-base pairs (bp) human Â«class GST cDNA pGTHl was inserted
into the EcoR\ site of the vector pMTP-3H. This vector contains 839bp of the
human metallothionein-IIA promoter (lightly slippleu) and the polyadenylation
sequences from the simian virus 40 (SV40) T-antigen (darkly slippletl). KB.
kilobase.

The two other GST transfected cell lines GSTÂ«51and GSTÂ«M|
had 4.0- and 2.2-fold increases in total GST activity, respec
tively.

The Â«class isoenzymes have high intrinsic non-selenium-
dependent glutathione peroxidase activity against organic hy-

droperoxides, including eumene and lipid hydroperoxides (3,
47,48). Table 1also shows peroxidase activity of the transfected
cells using eumene hydroproxide as the substrate. Peroxidase
activity varied in a similar manner to CDNB activity: the
transfected cells had 1.9- to 3.8-fold increased levels relative to
MCF-7 cells. Reduced glutathione levels in the transfected cells
were found to be similar to the control cell lines and were in
the same range previously reported for MCF-7 cells (49).

Analysis of GST DNA, RNA, and Protein in Transfected
Cells. Southern blot analysis shown in Fig. \A demonstrates
the presence of an approximately 850-base pair band that
hybridized to 12P-labeled pGTHl in the three transfected cell

lines (lanes 3-5) and the absence of a fragment this size in
MCF-7 (lane 1) or the control transfected cells (22N) (lane 2).
The transfected cell lines GSTÂ«51and GSTÂ«|4ncontained only
one or a few copies of the GSTÂ« expression construct and
exhibited a higher level of total GST activity than the cell line
GSTÂ«,4i which contained multiple copies of pGTHl cDNA.
Poor expression from transfected cell lines containing multiple
gene copies has been seen in other systems (50).

GST RNA in the transfected cell lines was assayed by North
ern transfer and slot blot analysis. Northern blot analysis in
Fig. 2A shows the presence of a single species of Â«class GST
RNA of approximately 980 nucleotides in RNA from the
GSTÂ«si transfected cell line (lane 3). Hybridization to '2P-
labeled pGTHl was undetectable in both MCF-7 (lane 1) and
control transfected (22N) RNA (lane 2). RNA slot blot analysis
was performed to quantitate the level of RNA in each of the
transfected clonal cell lines. These studies demonstrated that
the transfected cell lines contained high levels of Â«class GST
RNA, while there was no detectable hybridization to MCF-7
or the control transfected (22N) RNA (Fig. 2B).

The level of Â«class GST protein was assayed by Western
blot analysis (Fig. 3). MCF-7 and the control transfected (22N)
cells had no detectable a class GST (Fig. ÃŒA,lanes 3-4). In
contrast, protein reactive to antibodies directed against human
Â«class GST was readily detected in each of the transfected cell
lanes (lanes 5-7). The relative intensities of the protein bands
from the transfected cell lines correlated well with the CDNB
activity: the intensity of the immunoreactive GST in CSTa^n
was more than twice the intensity of GSTÂ«Miand slightly
greater than GSTÂ«5,.

Fig. 3, B and C, shows that the transfected cell lines did not
contain detectable levels of Mor â€¢*class GST, respectively. Thus,

all of the increased GST activity in the transfected cell lines
was due to an increase in expression of Â«class GST. Since no
Â«class GST was detected in the control cells, the Western blot
data in Fig. 3.4 suggest that there was a substantial increase in
Â«class GST protein in the transfected cells.

Cytotoxicity Studies. The a class GST transfected cell lines
were examined by colony-forming assay for their patterns of
resistance to 1-h exposure of Adriamycin, BPDE, CDNB, chlor-
ambucil, cisplatin, or melphalan. The relative sensitivities of
the Â«class GST transfected cell lines were compared to the
control transfected cells (22N). Representative cytotoxicity
studies for these agents are shown in Fig. 4. Although in any
individual experiment one cell line might have appeared to be
slightly more sensitive or resistant to a drug, these slight differ
ences were not reproducible. The LD50values for each drug was

Table 1 Levels of Kluthatione-tlepentlent enzymes und xlulaihÃone
Procedures Â»eredescribed in the "Materials and Methods." Cell lines GST..5J, GST..,40. and GST,,,.,, were transfected with the >rclass GST gene and pSV2neo,

while 22N was transfected with pSV2neo only. Numbers are expressed as the means Â±SD deviation of quadruplicate samples. The fold difference from MCF-7 cells
follows in parentheses.

bCell

lineMCF-722N

53
140

141CDNB

substrate.
Cumcne hydroperoxide substrate.GSTacthity

(units/mgprotein)09.83

Â±0.41 (1)
15.3 Â±2.7(1.6)
39.8 Â±4.4 (4.0)
55.2 Â±4.8 (5.6)
21.5 Â±2.6(2.2)Peroxidase

activity
(units/mgprotein)*2.92

Â±0.28(1)
3.28 Â±0.54(1.1)
6.63 Â±0.76 (2.3)
11.0 Â±0.92(3.8)5.46

+ 0.72(1.9)GSH

levels
(nmol GSH/mgprotein)58.4

Â±2.9
40.6 Â±2.1
45.7 Â±1.4
50.5 Â±3.355.4

Â±1.4
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Fig. 2. A, Northern blot analysis of Irans-
feclcd cells. The total cellular RNA (30 ng)
was fractionated on a IcÃ¬agarose gel in thÃ¨
presence of formaldehyde, transferred to a Ny-
tran membrane, and hybridized to a "P-labeled
Â«class GST cDNA pGTHl as described in
"Materials and Methods." RNA was isolated
from the indicated cell line: lane I, MCF-7
(\VT); lane 2. 22N (pSV2neo-transfected con
trol); lane 3. GST<v5J.B. RNA slot blot analysis
of transfected cells. Total cellular RNA was
bound to nitrocellulose and hybridized to 52P-
labeled â€žclass GST cDNA pGTHl as de
scribed in "Materials and Methods." Ordinate,

cell line; abscissa, Â»jgDNA. kb, kilobase.

2 3
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Fig. 3. Western blot analysis of transfected
cells. Western blot analysis of protein ( 100 /Â¿g)
from transfected cells probed with affinity-
purified antibody to: A, human a class GST;
K, human Â¡aclass GST; C, human irclass GST.
.â€¢I:lane I, 0.2 jjg human Â«class GST; lane 2,
0.2 Â»ighuman ITclass GST and 0.2 Â¿jghuman
â€žclass GST; lane 3. MCF-7 (WT): lane 4. 22N
(pSV2neo-transfected control); lane 5,
GST(.,3; lane 6. GST<Â«140;lane 7. GSTrt,41. B:
lane I. MCF-7; lane 2. 22N; lane 3, GSTÂ«53;
lane 4, GSTÂ«,Â«,;lane 5. GST,.,4,: lane 6, 0.2
(<ghuman o class GST; lane 7, 0.2 Â»ighuman
TTclass GST and 0.2 /Â¿ghuman , class GST.(': lane 1, 0.2 ^g human <Â«class GST; lane 2,

0.2 >ighuman ITclass GST and 0.2 Â¿ighuman
n class GST; lane 3. MCF-7; lane 4. 22N; lane
5, GST(.,j; lane 6, GSTal40; lane 7. GSTÂ«I4I.
klÃ¬a,M, in thousands.
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determined in at least two separate experiments and are shown
in Table 2. When the LD50 values were compared, the cells
expressing Â«class GST did not demonstrate resistance to any
of the agents compared with the control transfected cell line
(22N). The chlorambucil or melphalan cytotoxicity curves for
MCF-7 and the transfected control (22N) cell lines were iden
tical (data not shown). Because some researchers have found
differences in cytotoxicity at the LD9(1but not at the LD5U,the
LDTOof the transfected cell line expressing the highest level of
Â«class GST (GSTivuo) and the control transfected cell line
(22N) were determined for the drugs chlorambucil and mel
phalan. Fig. 5 indicates that there were essentially no differ
ences in either the LD90 (1.1- and 1.1-fold) or LD5I, (1.2- and
1.1-fold) following 1-h exposure to chlorambucil and mel
phalan. respectively.

The transfected cell lines were also examined by colony-
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forming assay for their patterns of resistance to continuous
exposure of Adriamycin, benzo(ii)pyrene, chlorambucil, cispla-
tin, ethacrynic acid, or melphalan. Both continuous and 1-h
exposure studies were done because some researchers have
suggested that drug levels in continuous exposure experiments
might be so high as to obscure modest differences in enzyme
levels obtained in transfection studies. Fig. 6 and Table 2
indicate that continuous exposure to these agents showed no
differences in patterns of resistance except for the substrate
ethacrynic acid (3, 30) which showed increased levels of resist
ance of 2.1-fold for GSTÂ«,, and 3.0-fold for GSTÂ«u()Thus,

although the transfected cell lines showed resistance to ethac
rynic acid, there was no detectable difference to any other agent
following either continuous or 1-h drug exposure (Figs. 4-6;

Table 2).
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Fig. 4. Effect of l-h exposure to cytotoxins on transfected cells. Cells (400
cells/well) from <>class GST transfected and control cell lines were exposed for
I h as described in "Materials and Methods." Point, average of quadruplicate
determinations. â€¢22N (pSV2neo-transfected control): D. GSTn5J; O. GSTÂ«,.Â«,;
A. GSTi>M1.A, Adriamycin: H. BPDE: C. CDNB: D. chloramhucil: /â€¢.'.cisplatin:

F, melphalan.

DISCUSSION

At least two distinct cDNAs encoding Â«class GST subunits
have been isolated from rats (51-54) and two from humans (29,
55). The human (31. 56, 57) and the rat Â«class GST protein
subunits are more than 75% homologous to each other at the
amino acid level but differ markedly from other classes of GSTs.
Alignment of the coding sequence of the human pGTH 1 cDN A
with the rat Y., and \\. cDNAs indicate that there is approxi
mately 80% nucleotide sequence homology (29). Although the
human Â«class cDNA sequence, pGTH2, is 95% homologous
base-for-base to pGTHl, the proteins encoded by these two
human Â«class GST genes have different affinities for a variety
of substrates (3, 30, 58).

Previous studies have indicated that resistance to antineo-
plastic agents is associated with increased levels of Â«class
GSTs. Two well-characterized rodent cell lines selected for
resistance to the alkylating agent chlorambucil have increased
levels of Â«class GST (20-24). Several other drug-resistant cell
lines have been isolated which are associated with an increased
level or a novel form of a class GST (24, 59). One chlorambucil-
resistant Chinese hamster ovary cell line developed a 30-fold
increase in resistance to the selecting drug, a bifunctional nitro
gen mustard, and cross-resistance to a number of other alkyl
ating agents including melphalan (20. 21). Although the total

GST activity in this drug-resistant hamster cell line was in
creased only 3-fold, there were changes in the apparent GST
subunit composition associated with the acquisition of drug
resistance. The drug-sensitive cells have no detectable levels of
the Â«class subunit Yc. while the resistant subline developed
both a markedly increased level of a GST reactive with antibod
ies to Yt and a 4- to 8-fold amplification ofÂ«class GST DNA.
The other cell line, a rat Walker 256 mammary carcinoma cell
line selected for resistance to chlorambucil which also developed
resistance to melphalan and cisplatin (22, 23), developed a 4-
fold increased activity of both a cytosolic Â«class GST \\ subunit
and a microsomal GST subunit (60). Both of these changes in
GST subunits were lost in a drug-sensitive revertan! (61). Fur
thermore, treatment with the competitive substrate of GSTs,
ethacrynic acid potentiates chlorambucil cytotoxicity in this
chlorambucil-resistant cell line (62). This study also suggests
that these rat cells have a higher affinity for ethacrynic acid
than for chlorambucil. This observation is consistent with our
results in which resistance to ethacrynic acid, but not chlor
ambucil, was found.

Cell lines selected for resistance to anticancer drugs have also
implicated * and /uas well as Â«class GST in the development
of antineoplastic drug resistance (12, 13). However, the exist
ence of multiple alterations in these cell lines selected by chronic
drug exposure confounds the analysis of the specific role of a
GST isozyme in the development of resistance. To circumvent
the problems of multiple changes that may occur in any drug-
resistant cell line selected in culture for an extended time,
several investigators have transfected cloned o class GST genes
into cells and compared the sensitivity of the transfected cells
expressing increased GST activity with the parental cell lines.
In one study the human gene encoding the Â«class B! gene was
subcloned into a yeast expression vector and transfected into
the yeast Saccharomyces cerevisiae (25). High levels of GST

Table 2 Â¿OÂ«,
LOÂ«levels were determined as described in the "Materials and Methods."

Numbers are the means of duplicate determinations. C'ell lines GSTÂ«53.GST<>|40.

and GSTn,4i Â»eretransfected with the a class GST gene and pSV2nco. while
22N was transfected with pSV2neo only.

DrugAdriamycinCDNBCisplatinChlorambucilEthacrynic

acidMelphalanCell

line22N5314014122N5314014122N5314014122N53140141MCF-722N5314014122N531401411h0.670.460.700.604.14.45.14.44446442X676670700.0130.0120.0120.011Continuous0.00780.00810.010411.312.613.45.15.910.615.55.00.00260.002

10.0023
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A CHLORAMBUCIL B MELPHALAN
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Fig. 5. Cytotoxicity of chlorambucil and melphalan in transfccted cells. Cells
(4000/platc) from Â»class GST transfecled and control cell lines were exposed to
chlorambucil (.-I) or melphalan i/ii for I h as described in "Materials and
Methods." Point, average of quadruplicate determinations. â€¢22N (pSV2neo-

transfected control); O, GSTÂ«,Â«.

A ADRIAMYCIN B BENZO[A]PYRENE
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z
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Fig. 6. Effect of continuous exposure to cytotoxins on transfected cells. Cells
(400 cells/well) from Â«class GST transfected or control cell lines were exposed
continuously as described in "Materials and Methods." Point, average of duplicate

or quadruplicate determinations. â€¢.MCF-7; â€¢.22N (pSV2neo-transfected con

trol); D. GST<vs3: O. GST<vi40; A. GSTa,4i. A, Adriamycin; B, ben/o(fl)pyrene: C,
chlorambucil: D, cisplatin; E, elhacrynic acid: F, melphalan.

expression (100-250 units/mg protein) resulted in increased
resistance to Adriamycin (3- to 16-fold) and chlorambucil (2-
to 8-fold). This increased expression of Â«class GST also
conferred a slight increase in resistance to CDNB and eumene
hydroperoxide of approximately 2-fold, but the sensitivity to
l,3-bis(2-chloroethyl)-l-nitrosourea was unchanged (24). The
mechanism of Â«class GST-associated resistance in the yeast
system is not clear. It may have involved increased GSH con
jugation, increased binding of these agents to GST, or possibly

some other mechanism. In another study, transient transfection
of monkey kidney COS cells with the rat a class GST Ya gene
resulted in a low level of resistance (increase in LDTO) to
chlorambucil (1.4-fold), melphalan (1.3-fold), cisplatin (1.4-
fold), doxorubicin (1.3-fold), and BPDE (1.2-fold) (26). Stable
transfection of mouse C3H/10T'/2 cells with the rat <vclass

GST Ya gene resulted in slightly higher levels of resistance to
chlorambucil (1.5- to 2.9-fold) (26).

In the current study, transfection of MCF-7 cells with an
expression vector containing the human Â«class GST cDNA
pGTH 1 resulted in increased levels of GST activity (2.2- to 5.6-
fold) and increased resistance to ethacrynic acid (2.1- to 3.0-
fold), but it was not associated with a change in sensitivity to
benzo(a)pyrene, BPDE, CDNB, Adriamycin, chlorambucil, cis
platin, or melphalan. Since the levels of Â«class GST in the
transfected MCF-7 cells (21.5-55.2 units/mg protein) are lower
than that achieved in the yeast system (>100 units/mg protein)
(25), it is conceivable that higher levels of expression of human
GST 1-1 are needed to confer anticancer drug resistance. It is
also possible that either the mechanism of cytotoxicity of these
antitumor agents or their intracellular inactivation is quite
different in yeast from that in mammalian tumor cells. Studies
which probe the fate of drugs within metabolically active cells
may help to resolve this issue (63).

The increased Â«class GST expression achieved in the stably
transfected MCF-7 cells presented in this report is similar to
the increased levels of Â«class GSTs found in the rat cell line
selected in vitro for chlorambucil resistance (22, 23, 60). Thus,
other cellular changes may be contributing to the development
of antineoplastic drug resistance in the drug-resistant rodent
cell lines. Alternatively, the rodent Â«class GSTs may differ
from the human Â«class GSTs in their interactions with anti-
cancer agents. In this regard, we have also transfected the gene
encoding the human GST 2 subunit, which produces a protein
with properties distinct from that of the human Â«class GST
subunit 1 (3, 30, 58), into MCF-7 cells and the sensitivity of
the transfected cells to anticancer drugs was analyzed.5 These
studies also indicate that increased GST 2-2 expression in
MCF-7 cells, at levels comparable to those achieved with GST
1-1 in this report, also failed to result in any increased resist
ance to doxorubicin, chlorambucil, melphalan, or cisplatin.
Thus, modest increases in the expression of either of the human
Â«class GSTs do not effect the sensitivity of MCF-7 human
breast cancer cells to these anticancer drugs. Furthermore,
previous studies from our laboratory in which the human GST?r
gene was transfected into MCF-7 cells showed that GSTvr alone
or GST?r in combination with P-glycoprotein also failed to alter
the sensitivity of transfected cells to doxorubicin, colchicine.
cisplatin, and melphalan (64, 65).

Purified GSTs have been shown to catalyze the conjugation
of both chlorambucil and melphalan with glutathione in vitro
and thus may function as a step in the detoxification of these
agents (15, 16). The failure of this transfection experiment to
confer resistance against four antineoplastic agents does not
necessarily rule out any role for this particular n subunit or for
the role of basic GSTs in drug resistance. Perhaps significantly
higher levels of human Â«class GST expression would protect
human cells from anticancer drug toxicity. Furthermore, drug-
metabolizing enzymes often act in complex interdependent
relationships with other proteins involved in the metabolism or
transport of anticancer drugs and toxins; hence, the failure of

' A. Townsend and K. H. Cowan, unpublished data.
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transfection of a single gene to produce resistance to these
toxins does not exclude the role of a particular gene as part of
a complex metabolic machinery capable of inactivating or elim
inating anticancer drugs. Thus, it is quite possible that other
concurrent enz.yme changes in cells selected for drug resistance
may in some way be necessary for GSTs to contribute to drug
resistance. For example, GSTs can be phosphorylated by pro
tein kinase C in vitro and the altered GST has been shown to
have a different affinity for bilirubin (66). Perhaps posttrans-

lational modification of GSTs may effect the interaction of
these agents with antineoplastic agents. Thus, while this report
indicates that enhanced expression of this <vclass GST in
human MCF-7 breast cancer cells by itself does not result in
antineoplastic drug resistance, these studies do not eliminate
the possibility that enhanced expression of this enzyme could
contribute to resistance under other circumstances.
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