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ABSTRACT

The level of induction of three cytosolic glutathione-.S'-transferase

(GST) classes has been compared in L5178Y murine lymphoblasts resis
tant to either the quinone-containing compound, hydrolyzed benzo-

quinone mustard i IlliM i. or the aromatic alkylating agent aniline mustard
(AM). Three established cell lines, L5178Y/HBM2, L5178Y/HBM10, and
the partial revertant, L517HY/HBMR, were 2.5-, 6-, and 2.9-fold resistant
to HUM and showed 3-, 11-, and 9-fold increases in GST activity, respec

tively, relative to the sensitive L5178Y cell line. Western blot analysis of
cytosolic proteins showed overexpression of all three cytosolic GST classes
IT, a, and u, with predominance of the TTclass. Northern blot analysis
demonstrated corresponding elevations in the steady-state mRNA levels of
each GST class. The level of GST-u and -a isoforms correlated more
closely with HUM resistance, whereas GST- 77,the predominant isoform in

these cells, paralleled enzyme activity. These findings suggested that other
factors such as quinone reducÃase may contribute to resistance.

The AM-resistant cell line L5178Y/AM was 10-fold resistant to the
alkylating agent AM, and GST activity was elevated 3.6-fold relative to the

parental L5178Y cell line. Western blot analysis and Northern blot anal
ysis provided evidence of overexpression of all three cytosolic GST classes
but with marked predominance of the a class. These studies provide
evidence that induction of GST isoforms in drug-resistant cells may have

both a nonspecific as well as a selective component. The difference in
isozyme profile between HBM-and AM-resistant cell lines emphasizes how

structural differences, in particular, the nature of the electrophilic signal,
may influence the pattern of induction of GST isozymes.

INTRODUCTION
GSTs' represent a multigene family of enzymes that catalyze the

conjugation of glutathione to a broad range of electrophilic xenobi-
otics and carcinogens (1-3). By conjugating glutathione to various

xenobiotics, GSTs appear to play a role whereby cells develop resis
tance to antineoplastic agents (1). Five distinct GST classes or gene
families have been identified (1). The cytosolic GSTs are abundant
and are classified on the basis of isoelectric point as basic (a class),
neutral (/j, class), and acidic (TTclass); the other two GST classes are
microsomal and the recently described 9 class (4).

Two major experimental approaches have been followed to estab
lish the role of GSTs in resistance to antineoplastic agents. The first
has involved correlative studies in which elevated levels of expression
and activity of GSTs have been associated with increased levels of
drug resistance ( 1-3). This approach has also included modulation of

enzyme activity by inhibitors of GST such as ethacrynic acid in order
to circumvent or reverse drug resistance (5). The second approach has
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used transfection studies to provide direct functional evidence that
GSTs cause drug resistance.

Both approaches, including the more definitive transfection studies.
have provided conflicting evidence. Transfection of human GST-Tr

was reported to increase resistance of Chinese hamster ovary cells (6)
but not that of NIH-3T3 transfectants (7) to the alkylator cisplatinum.
More consistently. GST-Tr has been associated with resistance to Adri-
amycin (7-9) and GST-a with resistance to alkylating agents (3) not

only in correlative but also in transfection studies. Puchalski and Fahl
(IO) reported that GST-a conferred resistance to chlorambucil and
melphalan, whereas GST-fi and -TTconferred resistance to cisplatinum

and Adriamycin. respectively, in stably transfected mouse C3H cells
and transiently transfected COS cells. Transfection studies also sup
ported a causal role for GST-a in resistance to bleomycin in Chinese
hamster ovary cells (II). and for GST-a and -TTin resistance of the

yeast Sacchanmyces cerevixiae to chlorambucil and Adriamycin, re
spectively (12). Conversely, several attempts to transfect MCF-7 hu

man breast cancer cells with either class TT,a, or ju.GST have resulted
in overexpression of the gene product and. occasionally, resistance to
ethacrynic acid, benzpyrene. or ben/.pyrene epoxide but without re
sistance to antineoplastic agents (13-16).

This study was undertaken to investigate the chemical specificity of
induction of GST isoforms in drug-resistant L5178Y murine lympho

blasts. Two related compounds were used with structural differences
conferring distinct mechanisms of cytocidal action. The chlorocthyl
groups in AM make it an active alkylating agent, whereas in HBM.
these groups are hydrolyzed and cytotoxicity is due to the chemically
reactive quinone moiety. A second objective was to elucidate the
molecular mechanism whereby up-regulation of GSTs is achieved in

resistant cells.

MATERIALS AND METHODS

Chemicals and Molecular Reagents. Hydroly/ed bcn/oquinonc mustard
|di(2'-hydroxyelhyl)amino-1.4-hen/oquinone| and aniline mustard |/V./V-di(2'-

chlorocthyl) aniline] were prepared as previously described (17). Polyclonal
antiserum for the combined rat liver Ya (Â«class!. Yc (a class), and Yh (fÂ¿class)
GST isoforms was provided by Dr. Kenneth Tew (18). Polydonal antiserum for
mouse GST F3 (fi class) was obtained from Dr. C-Y. Lee (19). and that for
human GST-Tr was from Dr. W. D. Henner, as described previously (9).

Plasmids pGTB38 and pGTA/C4X containing cDNA for rat liver GST Ya (Â«
class) and Ybi (jx class), respectively, and pDTD55 containing the quinone
reducÃase cDNA were provided by Dr. Cecil B. Picken (20. 21). Plasmid
PTSS1-2 containing nucleotides 106-438 of the cDNA for human GST-Tr

was obtained from Dr. W. D. Henner as reported previously (9). The cDNA
probes for GST are class specific, discriminating between major GST classes
but not between different isoforms within ine same class. The plasmid pCHPI.
with a 640-base pair cDNA for the plasma membrane protein P-glycoprolein.
was from Dr. J. R. Riordan (22). |a--'-PldCTP used to label cDNA probes was

from 1CN Biochemicals and the labeling kit was from Pharmacia. Uppsala.

Sweden.
Cell Lines and Cultures. The parental cell line L5I7HY and HBM-resis-

tant lines L.M78Y/HBM2 and 1.5I78Y/HBMIO and the partial revertant
L5I78Y/HBMR have been described previously (23). Resistant cells were
obtained by growing L5178Y cells in suspension in Fischer's medium con

taining 12<7rhorse serum and HBM. L5178Y/HBM2 and Li 178Y/HBM10 cell
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lines were cloned in soft agar from suspension cultures of L5178Y cells
maintained in 0.2 and 1.0 imi HBM. respectively; subsequently, these cloned
cell lines were grown continuously in suspension culture in medium containing
the same concentrations of HBM used to induce resistance. The partial rever-

tant L5178Y/HBMR cell line was cloned in soft agar from suspension cultures
of L5178Y/HBM10 cells, which had been maintained in drug-free medium for
4 months. The AM-resistant line L5178Y/AM was developed by growing

L5178Y cells in the presence of increasing concentrations of AM. finally
reaching a drug concentration of 1 fj.\t AM.

Protein Extractions and Western Blot Analysis. Cell pellets were washed
in cold phosphate-buffered saline (pH 7.4). resuspended in 3 volumes of cold

l Mpotassium phosphate buffer (pH 6.5). sonicated on ice. and centrifuged at
100.000 X g at 4Â°Cfor Ih. Cytosolic protein fractions were stored at -70Â°C

until used.
Total cytosolic protein was quantitated by the method of Bradford (24),

using the Bio-Rad protein assay (Bio-Rad. Richmond. CA). Samples were
separated on discontinuous SDS-polyacrylamide gel electrophoresis gels as

described by Laemmli (25). using a 15% separating gel. and electrophoretically
transferred to 0.2 (im nitrocellulose using a continuous transfer buffer (39 mvi
glycine, 48 HIMTris, 0.0375% (w/v) SDS, and 20% methanol).

Western blot analysis was carried out as described previously (9) except that
the blocking and antibody solution was 1 x TBS buffer containing 5% bovine
serum albumin and 0.02% Tween-20. The blots were probed with the appro
priate dilution of polyclonal antiserum against either human GST-17 (IT class),

mouse GST F3 (p, class), or rat liver Ya (a class). Yh (fi class), and Yc (a class).
The secondary antibody was goat anti-rabbit immunoglobin conjugated to

alkaline phosphatase (Sigma Chemical Co.. St. Louis. MO). Protein bands
were visualized using the substrate 5-bromo-4-chloro-3-indoyl phosphate/nitro

blue tetrazolium (BRL. Gaithersburg. MD).
Total RNA Extraction and Northern Blot Analysis. Cell pellets were

washed with sterile phosphate-buffered saline (pH 7.4). extracted by the single-
step method of Chomczynski and Sacchi (26), and stored at -70Â°C in sterile

diethyl pyrocarbonate-treated water. Total RNA was size-fractionated on 1%
agarose-2.2 M formaldehyde gels and blotted to Zeta-Probe nylon membranes
(Bio-Rad).

Membranes were prehybridized at 42Â°Cfor 12-24 hiÃ±a solution composed

of 50% formamide. 5 x SSPE (20 x SSPE contains 3 MNaCl. 0.2 MNaH2PO4.
H2O, 0.02 M EDTA at pH 7.4), 5 X Denhardfs solution, 2% SDS, and 100
fxg/ml denatured salmon sperm DNA. Hybridizations with cDNA probes for
GST (class TT,/j.. or a), quinone reducÃase,or P-glycoprotein were carried out
for 24 h at 42Â°Cin fresh solution containing 8% dextran sulfate. The radio
activity of [a-'2P]dCTP-labeledcDNA probes was generally 10''cpm/ml. After

hybridization, the membranes were washed twice for 15 min in a solution of
6 X SSPE and 0.5% SDS at room temperature. Subsequent washes were of
increasing stringency using solutions of 1 X and 0.1 X SSPE and 0.1-0.5%
SDS. at temperatures between 42 and 65Â°C.

Autoradiograph and Densitometry. Autoradiograms of hybridized mem
branes were obtained using Kodak XAR-5 film exposed at -70Â°C with a

DuPont Cronex Lightning-Plus intensifying screen. Levels of protein or
mRNA were quantitated using a Bio-Rad model 620 video densitometer.

RESULTS

Western Blot Analysis of GST Gene Products in HBM-sensitive
and HBM-resistant L5178Y Cell Lines. In a previous publication,
dose-survival studies showed that L5178Y/HBM2, L5178Y/HBM10,
and L5178Y/HBMR cells were 2.5-, 6-, and 2.9-fold more resistant,

respectively, to HBM relative to sensitive L5178Y cells (23). Western
blot analysis with polyclonal anti-serum against subunits of each of

the 3 major cytosolic GST classes revealed protein bands ranging in
size from M, 25,000 to Mr 28,000 with a relative size distribution of
TT< a < ju.(Fig. 1), consistent with previous reports (27, 28). The
relative levels of GST-77, -a, and -/u, isozymes in HBM-sensitive and
-resistant L5178Y cell lines were estimated by densitometry. GST-Tr

was increased in L5178Y/HBM2, L5178Y/HBM10, and L5178Y/
HBMR cells approximately 2.2-, 6.4-, and 5.1-fold, respectively, rel
ative to sensitive cells (Fig. la), whereas GST-ju. was increased 1.6-,
3.3-, and 1.1-fold, respectively (Fig. le). The GST-a isozyme was

detectable only in L5178Y/HBM10 cells (Fig. lc); the absence of a
detectable band for GST-a in L5I78Y cells precluded a direct com

parison of signal intensity. However, Western blot of a serial dilution
of protein extract from L5178Y/HBM10 cells suggested an approxi
mate 4-fold elevation in expression of GST-a above background in

those cells (data not shown). In the partial revenant L5178Y/HBMR
cells, the level of GST-p. and -a decreased to that observed in sensitive

or resistant L5178Y/HBM2 cells (Fig. 1, b and c, respectively),
whereas GST-Tr remained elevated at levels close to that of resistant

HBM10 cells (Fig. la).
Western Blot Analysis of GST Gene Products in AM-sensitive

and AM-resistant L5178Y Cell Lines. Elevated levels of all 3 GST
isozymes were observed in AM-resistant cells (Fig. 2). Densitometric
analysis revealed a 3-and 3.4-fold increase in expression of GST-Tr
and -p., respectively, relative to sensitive cells (Fig. 2, a and b). The

a gene product was not detected in extracts of sensitive cells (Fig. 2c,
Lane I) so the absence of a reference signal precluded a direct
comparison of isozyme levels on this blot. Serial dilution of the
cytosolic protein extract of AM-resistant cells was analyzed by West
ern blot and showed that the level of up-regulation of GST-a was
approximately 12-fold in these cells (Fig. 3o). The level of GST-Tr and
-/u. isoforms in AM-resistant cells was roughly comparable to that
found in L5178Y/HBM10 cells, whereas the amount of GST-a was

much greater.

Fig. I. Western jiot analysis of cytosolic protein
from HBM-sensitive and -resistant L5178Y cell

lines; 200 fig of protein from each of the following
cells were loaded per lane: Lane I. sensitive
L5178Y cells; Lane 2, resistant L5178Y/HBM2
cells; Lane j. resistant L5I78Y/HBMIO cells; and
Lane4, revenant L5178Y/HBMR cells. Blots were
probed with polyclonal antisera against the follow
ing GST antigens: U/l human GST-TT(TTclass); {/>)
mouse GST F3 (/Aclass); and (c) rat liver GST Ya
(a class), Yb (/x class), and Yc (a class). Molecular
weight standards were rabbit muscle phosphorylase
ÃŸ(M, 97.000). bovine serum albumin (M, 66.000).
hen egg white ovalbumin (M, 45,000). bovine car
bonic anhydrase (M, 31.000). and soybean trypsin
inhibitor (Afr 21.000). The gels in a and h were run
simultaneously and for a shorter time than the gel
shown in c. The assignment of GST isoforms was
based on molecular weight size and comigration
with rat liver GST standards.
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Fig. 2. Western blot analysis of cytosolic protein from AM-sensitive and -resistant

L5178Y cell lines; 2(M)/Agof total protein from each of the following cells was loaded per
lane: lane I. sensitive L5I78Y cells; Lane 2. resistant L5I78Y/AM cells. Blots were
probed with polvclonal antisera against the following GST antigens: (<n human GST-7r;
ih} mouse GST F3: and (c) rat liver GST Ya. Yh. and Yc. Molecular weight standards are
as described in the legend to Fig. I.

Northern Blot Analysis of GST Expression in HBM-sensitive
and HBM-resistant L5178Y Cell Lines. Northern blot analysis of
total RNA from HBM-resistant cells detected hands of approximately
1.4. 1.2, and I.O kilobase pairs, corresponding to GST-pi, -a, and -IT

mRNA. respectively. The level of mRNA for each of the 3 GST
classes was elevated in HBM-resistant cells (Fig. 4). Densitometrie
analysis showed that the level of mRNA for GST-7T in L5I78Y/

HBM2. L5I78Y/HBM10, and L5I78Y/HBMR cells was elevated
1.3-, 8.4-and 5.5-fold, respectively, relative to sensitive cells (Fig. 4Â«).
A similar comparison for the level of mRNA for GST-fÂ¿showed a 2.5-,
5.7-, and 2.1-fold elevation in L5I78Y/HBM2, L5I78Y/HBMIO, and

L5178Y/HBMR cells, respectively (Fig. 4b). The level of mRNA for
GST-a in L5178Y/HBMK) cells was clearly elevated (Fig. 4<â€¢).but

absence of a reference signal in the sensitive L5I78Y cell line again
precluded a direct comparison between message level in sensitive and
resistant cells. Northern blot analysis of a series of dilutions of total
RNA from resistant L5178Y/HBM10 cells suggested that the increase
in level of GST-a mRNA was approximately 4-fold above background

in these cells (data not shown). In L5I78Y/HBMR cells, the level of

mRNA for GST-p. and GST-a decreased to approximate that observed
in L5178Y/HBM2 cells (Fig. 4. h and <â€¢).However, the mRNA for
GST-77, although reduced from that of L5I78Y/HBMK) cells, re

mained greater than that of sensitive L5I78Y and resistant L5I78Y/
HBM2 cells. These alterations of message level from all 3 GST
isozymes paralleled the changes of gene product noted on Western
blot (Fig. 11.

Northern Blot Analysis of GST Expression in AM-sensitive and
AM-resistant L5178Y Cell Lines. The level of mRNA for each of
the 3 GST classes was clearly elevated in AM-resistant cells relative

to sensitive L5I78Y cells (Fig. 5). Densitometric analysis demon
strated that the level of message for GST-TTand /Â¿was increased 3.4-
and 7.9-fold, respectively, relative to sensitive cells (Fig. 5, a and />).
Serial dilutions of total RNA from AM-resistant cells was analy/ed by
Northern blot, and this demonstrated a greater than 64-fold elevation

of mRNA for GST a over background (Fig. 3b).
Northern Blot Analysis of P-Glycoprotein and Quinone Reduc

ÃaseExpression in Sensitive and HBM- or AM-resistant L5178Y
Cell Lines. Resistance to HBM was previously shown to be multi-
factorial with decreased drug uptake, markedly increased levels of
quinone reducÃase,as well as elevated levels of GST and other en
zymes (23). To determine if elevated levels of P-glycoprotein might

contribute to reduced uptake of HBM. the level of expression of that
drug extrusion pump was evaluated by Northern blot analysis. No
signal was detected for mRNA for the plasma membrane protein.
P-glycoprotein. on Northern blot analysis of total RNA from sensitive

or resistant L5I78Y cell lines (data not shown). This suggested that
decreased uptake of HBM in resistant cells was unlikely due to in
creased drug efflux.

To investigate the molecular mechanism of the elevated activity of
quinone reducÃasepreviously reported, the level of mRNA for that
enzyme was determined in HBM- and AM-sensitive and -resistant

L5178Y lymphoblasts. Although mRNA for quinone reducta.se was
not detected in drug-sensitive L5I78Y cells, distinct bands were ob

served on Northern blot analysis of RNA from resistant L5I78Y/
HBMIO and L5I78Y/AM cells (Fig. 6). Thus, level of expression of
quinone reducÃase,as well as that of GST isoforms. was increased in
these drug-resistant cell lines.

DISCUSSION

It was previously shown that resistance to the quinone-containing

compound HBM was multifactorial. with resistant cells displaying
decreased drug uptake and increased activity of several en/ymes
including DT-diaphorase. catalase, as well as GSTs (23). Thus, the
resistance profile of HBM-resistant cells resembled that of other drug-

1 2 3 4 5 6 7 8 9 10 11 12 13

8 9 10

Fig. 3. A series of dilutions of cytosolic protein and total RNA from AM-resistant cells (L5I78Y/AM> was examined h> Western blot analysis (Â«Iand Northern blot analysis (/Â».
ti. cytosolic protein from sensitive L5I78Y cells, as control, and from AM-resistant cells was loaded in the following amounts: hint' I. sensitive L5I78Y cells. 250 ng; IMHC\ 2-13,

resistant L517SY/AM cells. 250. 2(X). 160. I2S. 102. 82. 66. 52. 42. 34. 27. and 21 /ig. respectively. The blol was probed with polvclonal antiserum against rat liver GST Ya. Yh. and
Yc. b. tolal RNA from L5I78Y cells, as control, and from AM-resistant cells was loaded in the following amounts: IMIII' I, sensitive L517SY cells. 80 /ig; IMIU'\ 2-10. resistant

L5178Y/AM cells. 80. 40. 20. 13.3. 10, 8, 6.7. 5.8. and 5.1 (ig, respectively. The blol was hybridised with the plasmid pGTB38 containing the cDNA for rat liver GST Ya (a class).
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HBMIO cells (Figs. I and 4; Table I). By contrast, there was a more
marked decrease in level of message and gene product for GST-/J. and

o to approximate levels observed in sensitive cells. These findings
together with the sustained elevation of GST enzyme activity in the
partial revenant suggest that factors other than GST. such as quinone
reducÃase,may contribute to HBM resistance. Indeed. Northern blot
analysis demonstrated elevated steady state levels of mRNA for this
enzyme not only in resistant L5I78Y/HBM10 cells, but also in AM-

resistant cells (Fig. 6).
Unlike class TTand /x isoforms which appear to be constitutively

expressed in sensitive LS178Y cells, the a class GST isozyme was not
detected by either Western or Northern blot analysis (Figs. I and 4).
This may reflect limitations in sensitivity of these two techniques or,

1

Fig. 4. Northern blot analysis of total RNA troni HBM-sensitive and -resistant L5I78Y

cell lines with 50 /xg RNA from eaeh of the following cells loaded per lane: Lune I,
sensitive L5178Y cells; Urne 2. resistant L5I78Y/HBM2 cells: Lane 3. resistant L5I78Y/
HBMIO cells: and Lane 4. revertan! L5I78Y/HBMR cells. The blot was probed sequen
tially with a cDNA for each of the following GST classes: a. human GST-IT (TTclass): /),
rat liver GST Yb^ (^ class): r. rat liver GST Ya (a class): and (/. ÃŸ-actin.The signal
obtained with ÃŸ-actinwas used to correct for irregularities in RNA loading.

resistant model cell lines reported previously from this and other
laboratories (9, 29-33). Furthermore, resistance to HBM was unstable

in that culture of L5178Y/HBM10 cells for 4 months in the absence
of drug resulted in isolation of a partial revenant L5178Y/HBMR with
a level of resistance approximating that of L5178Y/HBM2 cells
(Table 1).

The level of GST enzyme activity in drug-resistant cell lines
L5I78Y/HBM2. L5178Y/HBMIO. and L5I78Y/HBMR was 3-. 1I-.
and 9-fold elevated, respectively, relative to that of sensitive cells

(Table 1). Thus. GST enzyme activity appeared to parallel the level of
HBM-resistance except for the partial revertan! cell line L5178Y/

HBMR in which the drop in drug resistance appeared to be greater
than the decrease in enzyme acivity (Table I ).

Western blot analysis of cytosolic protein from HBM-resistant cells

showed elevated levels of the gene product for the cytosolic GST
classes TT./j.. and a and. for each, the increase was incremental and
parallel to the level of HBM-resistance with the following relative

levels: L5178Y/HBMK) > L5178Y/HBM2 > LSI78Y cells (Fig. 1:
Table 11.Furthermore, the relative increase of the GST-Tr isoform was

greater than that of the /x and a classes of GSTs.
Northern blot analysis of total RNA from HBM-sensitive and -re

sistant cells also demonstrated a step-wise increase of mRNA level of

the cytosolic GST classes TT.JLI,and a and. for each, there was a
correlation with level of gene product, enzyme activity, and drug
resistance once again following the relative order: L5I78Y/HBMK) >
L5I78Y/HBM2 > L5I78Y cells (Fig. 4; Table 1). The relative in
crease of TTclass message was also greater than that of class fj. or a
GST (Table 1); however, expression of GST-Tr message and gene

product did not correlate particularly well with HBM resistance. In the
revenant cells, the level of GST-7r message and gene product was

decreased only slightly from the peak level observed in L5178Y/

Fig. 5. Northern blot analysis of total RNA from AM-sensitive and -resistant L5I78Y
cell lines with HX)/ig of RNA from each of the cell lines being loaded as follows: Lane
I. sensitive LSI78Y cells; Â¡Mite2. resistant L5I78Y/AM cells. The blot was hybridized
sequentially with cDN A probes for each of the 3 GST classes and ÃŸ-actinas described in

the legend for Fig. 4.

Fig. 6. Northern blot analysis of total RNA from HBM-sensitive and -resistant L5178Y
cell lines with 50 jig RNA from each of the following cells loaded per lane: ÃŒMtieI.
sensitive L5178Y cells: Lane 2. resistant L5178Y/HBM2 cells; Ijine 3. resistant L5178Y/
HBMIO cells: and Lane 4. partial revenant L5I78Y/HBMR cells. Nonhern blot analysis
of total RNA from AM-sensitive and -resistant cell lines with 100 ^ig RNA from each of
the cell lines loaded as follows: Ltine 5. sensitive L5178Y cells; lÂ¿me 6. resistant
L5I78Y/AM cells. The blot was probed sequentially with a cDNA for: quinone reducÃase
(Ãi)and ÃŸ-actin(/>) as described in the legend for Fig. 4.
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Table I Relative levels of drug resistance, enzyme activity and of gene produci, and mRNA for all .? cytosolic GST classes in drug-sensitive and -resistant L5l7fiY leukemia

cell lines

CelllineL5I78YL5178Y/HBM2L5I78Y/HBMIOL5I78Y/HBMRL5I78Y/AMRelative"resistance12.562.910Enzyme''activity13H9.1.67T12.2

Â±0.16.4
Â±1.05.1
Â±1.33.0
Â±0.2Gene

product'M-11.6

Â±0.23.3
Â±0.9I.I'3.4

Â±0.4aNDND4"ND>12''7T11.3

Â±0.18.4
Â±1.15.4
Â±0.73.4
Â±1.4mRNA'H12.5

Â±0.25.7
Â±1.32.1

Â±0.57.9
Â±3.0aNDND4''ND>64''

" Relative resistance represents the DIO values for resistant cells treated with HBM relative to that obtained for sensitive parental L5178Y cells; the D1() (mean Â±SE) for treatment

of sensitive L5I78Y cells with HBM was 0.56 Â±0.08 rriMas published previously (23). The DK, for resistant L5I78Y/AM cells treated with AM was 22.2 (IM and that for sensitive
cells was 2.32 firn; accordingly, the relative resistance to AM was approximately 10-fold.

h GST enzyme activity was determined using CDNB as substrate; enzyme activity for each of the resistant cell lines is expressed relative to that of sensitive L5178Y cells. GST
activity in sensitive parental L5178Y cells was 2.3 nmol/min/lO6 cells; these data have been published previously (23). except for L5I78Y/AM cells. GST enzyme activity (mean Â±

SE) in L5178Y/AM cells was 55.1 Â±9.9 nmol/min/mg protein and that in sensitive L5178Y cells was 15.7 Â±0.7 nmol/min/mg protein; accordingly, relative enzyme activity in resistant
L5178Y/AM cells was approximately 3.6-fold greater than that of sensitive cells.

' Data were obtained by densitometric analysis of Western or Northern blots and are presented relative to levels of gene product or mRNA in sensitive L5178Y cells. For Northern

analysis, the data were also corrected for irregularities in RNA loading by reference to the signal obtained with ÃŸ-actin.ND. not detected.
Absence of signal in sensitive L5178Y cells for GST-a precluded a direct densitometric comparison of gene product or mRNA level in drug-sensitive and -resistant cells. In these

cases. Western and Northern blot analyses were performed on serial dilutions of protein or RNA extracted from drug-resistant cells to provide an estimate of fold-elevation above

background level.
' Single determination.

alternatively, suggest that a class GST expression may require an
appropriate inductive signal.

Overexpression of all 3 cytosolic GST classes by cells resistant to
HBM suggests that induction of GSTs may be nonspecific. The pref
erential induction of TTclass GST suggests that the response may also
have a class-selective component. HBM contains a quinone ring, and
the association of resistance to quinone-containing antineoplastics and
up-regulation of TTclass GST is consistent with previous rÃ©ponsin the
literature of Overexpression of anionic TTclass GST in ADR-resistant
MCF-7 breast cancer (8) and P388 leukemia cells (9), as well as in
mammalian (10) and yeast cells (12) transfected with GST-ir.

HBM-resistant cell lines are not cross-resistant to AM, which func

tions as an aromatic alkylating agent (34). Western blot analysis of
cytosolic proteins from AM-sensitive and -resistant cells showed in

creased levels of all 3 cytosolic GST isoforms TT,p., and a in resistant
cells (Fig. 2; Table 1). However, in addition to this nonspecific re
sponse to AM, there appeared to be preferential or selective induction
of the a class gene product.

Parallel alterations in the level of mRNA for each of the 3 cytosolic
GSTs was observed on Northern blot analysis of RNA from AM-
resistant cells (Fig. 5; Table 1). Since GST-a did not appear to be

expressed constitutively in sensitive cells (Figs. 2 and 5), serial dilu
tions of cytosolic protein and total RNA was examined by Western and
Northern blot analysis, respectively, to provide an estimate of the
fold-elevation of a gene product and message (Fig. 3; Table I ). By this
approach, the elevation of GST-a gene product was over 12-fold and
that of the a class message was over 64-fold in AM-resistant cells

relative to background. Finally, an elevated level of mRNA for
quinone reducÃasewas observed in AM-resistant cells (Fig. 6), sug

gesting a possible contribution of this enzyme to the drug resistance
phenotype, even though AM does not contain a quinone moiety.

The finding of preferential induction of a class GST in AM-resis
tant cells provides additional evidence of the role of GST-a in alky-
lator resistance. An electrophile-responsive element composed of two
adjacent AP-1-like binding sites has been described in the 5'-flanking

region of the mouse GST Ya subunit gene and is responsible for the
induction of gene expression by xenobiotics containing or acquiring
an electrophilic center (35). The difference in isozyme profiles be
tween AM-and HBM-resistant cell lines emphasizes how structural

differences and, in particular, the nature of the electrophilic signal,
may influence the pattern of induction of GST isozymes.ln summary,
in HBM-resistant cells, the level of GST-jn and -a isoforms correlated
more closely with drug resistance, whereas GST-rr, the predominant

isoform, paralleled enzyme activity. These findings suggest that other

factors, such as quinone reducÃase,may contribute to resistance. In
creased levels of mRNA for all 3 GST classes and quinone reducÃase
suggest thai induction of these enzymes may be regulated at a tran-
scriptional level. However, nuclear run-on studies and measurement

of message stability would be required to validate this hypothesis. The
strongest evidence for chemical selectivity was marked ovcrexpres-
sion of the a class GST message and gene product in AM-resistant

cells.
The use of gene-specific oligonucleotide probes for the various

GST isoforms as described by Waxman et ai ( 1) offers a measure of
precision previously unavailable to establish chemical specificity for
the induction of various GST classes following treatment with che-

motherapeutic agents or xenobiotics. Waxman et al. (1) showed that
treatment of rats with cisplatinum increased liver expression of mRNA
for GST Yc but decreased that of GST Ya|, another a class isozyme,
with little or no effect on several other GSTs. The large cDNA probes
used in this study do discriminate between major GST classes but not
between different isoforms within the same class. Future studies cor
relating GST Overexpression with drug resistance will likely use iso-
form-specific oligonucleotide probes and may serve to clarify some of

the contradictory findings regarding the chemical specificity of induc
tion of GSTs by xenobiotics.
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