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ABSTRACT

The glutathiune transferase (GST) isoenzyme profile was determined in
two human tumor cell lines, U1690 derived from a small cell lung cancer
and I 1X10 derived from a non-small cell lung cancer. U1810 cells are
3.2-fold more resistant to l,3-bis(2-chloroethyl)-l-nitrosourea (BCNU)

than are U1690 cells, a finding ascribable in part to the expression of
O6-alkylguanine-DNA alkyltransferase activity in the U1810 cells. GST

Pl-1 and GST AIâ€”l were determined quantitatively by enzyme-linked
immunoassay and were found to be 1.3- and 15-fold higher in the cytosol

fraction of U1690 cells as compared to DISIO cells, respectively. The
higher l!< M resistance in 11X10 cells can, therefore, not be correlated
with the expression ofthe.se isoenzymes. However, sodium dodecyl sulfate/
polyacrylamide gel electrophoresis in combination with immunoblot
analysis demonstrated a class Mu GST, which was identified as GST M3-3
on the basis of electrophoretic mobility and cross-reaction with anti-rat
GST 3-3 antibodies. This isoenzyme was detectable in U1810 cells but not
in U1690 cells. Studies with purified human GST Al-1, GST M 1-1. GST
M3-3, and GST Pl-1 demonstrated that GST M3-3, but not the other

isoenzymes, catalyzed the denitrosation of BCNU. Such inactivation of
BCNU has previously been demonstrated with rat class Mu GSTs (M. T.
Smith et al., Cancer Res., 49: 2621-2625, 1989) but not with any human
GST. These findings suggest that GST M3-3 contributes to BCNU resis

tance in the I 1X1(1cells.

INTRODUCTION

The chlorocthyl nitrosoureas are a class of clinically important
chemotherapeutic drugs used in the treatment of a variety of malignant
diseases, particularly in the treatment of brain tumors (1, 2). The
mechanism of their antitumor activity is believed to involve conver
sion of the parent nitrosourca to active alkylating species (3-5) and
subsequent DNA interstrand cross-linking (6).

GSTs3 (EC 2.5.1.18) are a group of isoenzymes capable of cata

lyzing the conjugation and inactivation of a variety of electrophilic
compounds with glutathione (7, 8). Many of these elcctrophiles are
toxic, mutagenic, and carcinogenic chemical substances that may de
rive from different sources. For example, organic hydroperoxides and
activated alkenes are produced endogenously as a result of lipid per-

oxidation (9). An example of a GST substrate that gives high activity
is acrolein (10), which can arise from exogenous sources either as an
environmental pollutant (11) or as a metabolic product of the cyto-

static drug cyclophosphamide (12).
The GSTs in mammalian cells occur as a microsomal enzyme and

as a large number of cytosolic proteins (13). The cytosolic GSTs have
been divided into four classes based on their primary structures. The
classes are named Alpha, Mu, Pi, andTheta (14, 15). In human tissues,
classes Alpha, Mu, and Theta each contains several isoenzymes,
whereas only one enzyme form has been identified in class Pi (13).
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GST-mediated conjugation of bifunctional alkylating agents to

GSH has been reported to contribute to resistance of certain tumors to
such agents. Human and rodent GSTs have been shown in vitro to
catalyze the conjugation of GSH with chlorambucil and melphalan,
representatives of bifunctional alkylating agents (16, 17). Further
more, certain tumor cells have been found to be sensitized to
the action of cytostatic drugs by coadminstration of GST inhibitors
(18-20), and overexpression of certain GSTs has been found to

accompany increased tumor resistance to such chemotherapeutic
drugs (19, 21-24).

In this paper we demonstrate significant differences in GST patterns
of two lung cancer cell lines which differ in sensitivity toward BCNU.

MATERIALS AND METHODS

Chemicals, Enzymes, and Antibodies. BCNU was a gift from Bristol
Laboratories (Syracuse, NY). All other chemicals were standard commercial
products. Human recombinant GSTs Al-1 (25). M1-1 (2ft; allelic variant
M la-la. Ref. 13), M3-3 (27). and Pl-1 (28) as well as rat GST 3-3 purified
from rat liver (29) were prepared by previously described procedures. Poly-

clonal antibodies were raised against purified GSTs in rabbits by conventional
procedures and were purified from antisera by chromatography on protein
A-Sepharose. Some of the antibodies cross-react with other GSTs in the same
class, hut no cross-reactivity has been observed between the classes (14).

Cells. Two human lung cancer cell lines were kindly provided by Dr. Jonas
Bergh (Department of Oncology. Uppsala University): Ulft'M derived from a

small cell lung cancer and U1SIO from u non-small cell lung cancer (3(1). The
cells were grown in RPMI Ift4() medium with 4-(2-hydroxyethyl)-l-piper-

azineethanesulfonic acid buffer (Flow Laboratories), supplemented with 2
mmol/liter i -glutamine. 10% (v/v) fetal calf serum, 125 lU/ml ben/.ylpenicillin,

and 125 /xg/ml streptomycin. After the cells were harvested, they were frozen
in liquid nitrogen and stored at -8()Â°Cbefore use.

Preparation of Crude Cytosolic Fraction. All procedures were performed
at 4Â°Cunless otherwise specified. The cell pellet (3(X)-5(X) x 10" cells) was

thawed by addition of a minimal volume of distilled water (approximately 3
ml). The cells were cooled on ice and disrupted by sonication (3 X 20 s) using
a Branson B-12 sonifier at power setting 7, and the lysate was made physi

ologically isotonic by addition of the required volume of 10 X PBS. pH 7.2.
After a 15-min centrifugation at 10,000 X g to remove cell nuclei and cell

debris, the cytosolic fraction was obtained by further centrifugation of the
supernatant fraction for ftO min at 105,000 X g. About 0.5 ml of the cytosolic
fraction was saved for other experimental purposes, and the major part was
applied to a 1-ml .V-hexylglutathione affinity gel (31), preequilihrated with 10
PIM Tris-HCl buffer, pH 7.8. The gels were washed with the same buffer

containing 0.2 M NaCI until no protein was detected (by monitoring the /l^sÂ»)
in the effluent. The bound GSTs were desorhcd with 5 ITIM.V-hexylglutathione
in 10 niMTris-HCl buffer, pH 7.8, containing 0.2 MNaCI and are referred to as
the affinity-purified GSTs.

Assay of GST Activity with CDNB. Measurements of GST activity with
CDNB were made with 1 mw CDNB and I ITIMGSH in a 1 ml reaction system
containing 0.1 M phosphate buffer. pH ft.5. The reaction was monitored spec-
trophotometrically at 340 nm, e = 9.ft muT1 cm"' (32).

Assay of GST Denitrosation Activity. The BCNU denitrosation activity of
purified human GSTs was assayed essentially as described by Talcott and
Levin (33). Incubations were performed in duplicate, at 37Â°Cin 50-ml Erlen-

meycr flasks, using 5 ml 0.1 M phosphate buffer (pH 7.4), 5 mw GSH, and
250-500 fig/ml GST. The reaction was started by the addition of BCNU (final

concentration, 2 mm). A control, which did not contain GST, was run in
parallel. Aliquots ( 1 ml) were withdrawn from each flask 0, 10. 20. and 30 min
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after addition of the substrate. Each aliquot was pipetted into a 12-ml glass

centrifuge tube containing 1 ml chloroform and vortexed immediately to
extract intact BCNU. The vortexed tubes were centrifuged at 10,000 X g for
10 min to separate the chloroform from the aqueous phase. An aliquot (0.5 ml)
of each aqueous layer was reextracted with 1 ml chloroform to remove traces
of BCNU. After additional separation of the phases by centrifugation, 180 fÂ¿l
of each aqueous phase were analyzed for nitrite by a modified Bratton-Mar-

shall procedure (34) as follows. The twice extracted aqueous aliquots were
added to glass test tubes containing 5 ml 1% (w/v) sulfanilamide in 24% (v/v)
HC1. Five ml of the coupling reagent, 0.02% (w/v) W-1-naphthylethylene-

diamine/HCl in distilled water, were added to each tube with vortexing, and the
lubes were incubated for 20 min at 55Â°C.The solutions were then cooled, their

AfM was measured, and the nitrite concentration was calculated from a nitrite
standard curve. Specific activities of denitrosation were calculated from the
slopes of the corresponding reaction progress curves and expressed as nmol
nitrite produced/min/mg protein.

Immunoblot Analysis. Immunoblot experiments on the affinity fractions
were performed after sodium dodecyl sulfate/polyacrylamide gel electropho-

resis as described by Erickson et al. (35). The quantity of the samples analyzed
corresponded to the same amount of cytosolic protein. The nitrocellulose
papers were cut into 4-mm wide strips, and each strip was incubated with one
of the antibodies raised in rabbits against rat GSTs 1-1, 2-2, and 3â€”3and
human GSTs Al-1, Ml-1, and Pl-1, representing classes Alpha, Mu, and Pi.
Detection was performed with I25l-labeled protein A and autoradiography.

Two-Antibody Sandwich ELISA for GSTs. Microtiter plates (96 wells,

Nunc Maxisorp) were cleaned with 3.5 IHMHCI and washed once with PBS.
PBS was also used as the washing buffer throughout the entire procedure. The
rabbit ami-human GST Al-1, Ml-1, or Pl-1 antibodies, purified on the

corresponding antigens (recombinant GSTs) bound to Sepharose 4B columns,
were used on both sides of the sandwich assay. A 100-fil antibody solution (5

Hg/ml in PBS) was applied to each well for coating (room temperature, 4 h),
followed by a PBS wash. The remaining binding sites were blocked by an
incubation with 400 fil of 5% (w/v) bovine serum albumin in PBS at 4Â°Cfor

4 h. After the samples were washed twice, they were added and incubated at
room temperature overnight, followed by three washes. The plates were then
incubated with antibodies conjugated with alkaline phosphatase at room tem
perature for 2 h, followed by four washes. Finally, the enzyme reaction was
carried out in 25 HIMdiethanolamine/HCl (pH 4.5) containing 0.5 min MgCl2
and 1.0 mg/ml p-nitrophenyl phosphate and monitored at 405 nm within 60

min on an ELISA spectrophotometer (Multiskan MCC/340; Labsystems Oy,
Helsinki. Finland). The samples were analyzed in triplicate, and quantitation
was based on a standard curve established with known concentrations of pure
GSTs on the same plate. The detection limits were at about 0.05 ng/ml for GST
Al-1, 5 ng/ml for GST Ml-1, and 0.5 ng/ml for GST Pl-1.

Assay of Cytotoxicity. Cytotoxicity induced by anticancer drugs was mea
sured as the inhibitory effect on colony formation as described previously (36,
37). Briefly, cells adhering to Petri dishes were exposed to a range of drug
concentrations and then grown in the absence of drug in order for colonies to
be established. Treatments with melphalan, cisplatin, and chlorambucil were
performed for 30 min in serum-free medium, whereas treatments with BCNU

were carried out for 2 h in medium containing 10% (v/v) fetal calf serum.
Finally, cells were fixed with formaldehyde and stained with Giemsa solution,
and the surviving fraction was scored.

RESULTS

Cytosolic GST Activities. The cytosolic GST activities of U1690
and U1810 cells measured with CDNB as the electrophilic substrate
are shown in Table 1. The U1810 cells showed a 1.2-fold higher

specific activity than did the U1690 cells.
Immunoblot Analysis of I 1690 and I 1810 Cells. Autoradio-

graphs representing the Western blot analysis of S-hexylglutathione
affinity-purified cytosol fractions of U1690 and U1810 cells are
shown in Fig. 1. GST PIâ€”1was found to be the dominant isoenzyme

form in both cell lines as judged from the intensity of protein bands.
In U1690 cells, however, GST Pl-1 appeared to be present in some

what higher concentration than in U1810 cells. A protein band which
cross-reacts with antibodies raised against rat GST 3-3 was found in

Table 1 GST activity and concentration of GST protein in the cvtosol fraction of the
human lung cancer cell lines UIÃ“90and U1810

Concentration of GSTprotein''Cell

lineU1690

U1810GST

activity"

((imol/mg/min)0.13

0.16GST

Al-1(ng/mg)11.76

0.05GST

Pl-1

(/ig/mg)7.08

5.82
" GST activity (mean of two experiments) determined with CDNB as electrophilic

substrate.
* Values expressed as quantity of GST protein determined by ELISA per mg total

cytosolic protein.

U1810 cells but not in U1690 cells. This band did not give any
detectable reaction with antibodies raised against human GST Ml-1.

No protein band was found to react with antibodies raised against rat
GST 1-1, rat GST 2-2, or human GST Al-1 in any of the two cell line

samples.
Quantitative Determination of GSTs by ELISA. The results of

quantitative ELISA of GSTs representing different classes of GSTs are
shown in Table 1. The GST Pl-1 and Al-1 contents in the cytosolic
fraction of the U1690 cells were found to be 1.3- and 15-fold higher,

respectively, than those in the cytosol fraction of the U1810 cells. GST
Ml-1 was undetectable in either cell line.

GST-catalyzed Denitrosation of BCNU. The results of assaying
the denitrosation activities of purified GST Al-1, GST Pl-1, GST
Ml-1, and GST M3-3 are shown in Table 2. GST M3-3 catalyzed the

denitrosation reaction of BCNU with a specific activity of 1.4 nmol/
min/mg. Under the assay conditions used, the reaction progress curve
was linear for 20 min, and the rate was proportional to enzyme
concentration (Fig. 2). No activity was detected with GST Al-1, GST
Ml-1, or GST Pl-1. The activity of rat GST 3-3 was measured as

positive control and was found to be 4.1 nmol/min/mg, a value which
is comparable to previously published data (19).

Cytotoxicity of Anticancer Drugs. U1690 and U181Ãœcells were
exposed to cytostatic drugs in various concentrations in order to
determine the drug concentration required to kill 90% of the cells (37).
The ICg,, values for BCNU, melphalan, and cisplatin and IC5(, for
chlorambucil are shown in Table 3, and it is clear that only in the case
of BCNU was a significant (3.2-fold) difference in the drug sensitivi

ties of the two cell lines noted.

DISCUSSION

The requirement of the /V-nitroso moiety of 2-chloroethylnitro-
soureas for anti-tumor activity has been demonstrated (38), and deg

radation of this chemical group consequently causes deactivation of
the drug. BCNU has been shown to undergo a NADPH-dependent

denitrosation reaction catalyzed by a mouse liver microsomal fraction
(39). The cytosolic fraction of mouse liver has also been demonstrated
to promote a denitrosation reaction of BCNU in the presence of GSH,
with the formation of l-(2-chloroethyl)-3-glutathionylethylurea and

nitrite (33, 40).
In vitro studies have shown that purified rat GSTs catalyze the

denitrosation reaction of BCNU in the presence of GSH in an isoen-
zyme-specific manner (19). GSTs belonging to the Mu class were
found to exhibit the highest denitrosation activity among the transfer-
ases tested. In the same study, BCNU-sensitive and -resistant rat

gliosarcoma cell lines were shown to differ in their GST pattern. The
resistant cell line was found to contain a higher level of GSTs be
longing to the Mu class. In addition, nontoxic concentrations of the
GST inhibitors ethacrynic acid and triphenyltin chloride were found to
sensitize the resistant cell line to BCNU toxicity. These findings form
the basis for the proposal that Mu class GSTs play an important role
in resistance to BCNU in certain tumor cells (19).
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Fig. l. Immuni)hlot analysis of glutalhionc Irans-

ferases in the cylosol fraction of the human lung
cancer cell lines U I6l)0 and UISK). Equal amounts of
affinity-purified cytosolic protein (30 p.g) from each
cell line were loaded on sodium dodecyl sulfate/
polyacrylamide gels. After electrophoresis the pro
teins were electrohlotted onto nitrocellulose filters.
which were subsequently cut into longitudinal strips
(4 mm wide). Each strip was separately incubated
with one of six distinct polvclonal antibodies raised
against three class Alpha GSTs: rat GST l-l (rl-1),
rat GST 2-2 (r2-2), and human GSTAI-1 (hAl-1);
two class Mu GSTs: rat GST 3-3 (r.V3) and human
GSTMI-1 (hMl-1); and human class Pi GST Pl-l
(hPl-1). Immunocornplexes were visuali/ed by treat
ment with '^[-labeled protein A and autoradiogra-

phy. Arrows, positions of authentic human GST
M3-3 (top} and GST Pl-l (btxtom).

In the present work, we have demonstrated qualitative and quanti
tative differences in the GST contents of two human cancer cell lines.
U1690 a small cell lung cancer cell line and U1810 a non-small cell

lung cancer cell line. These cell lines differ significantly in sensitivity
to the chemothcrapeutic drug BCNU, U1690 being 3.2-fold more

sensitive than U1810 cells (Table 3 and Ref. 37).
The GST profiles of the BCNU-sensitive U1690 cells and the

BCNU-resistant U1810 cells display a qualitative difference in GST
pattern (Fig. 1). A protein band which cross-reacts with antibodies
directed against rat GST 3-3 was detected in U1810 but not in U1690
cells (Fig. 1). This protein band failed to give a positive immunore-
action with antibodies raised against human GST M1-1 but had the
same electrophoretic mobility as GST M1-1. It has been shown that
GST M3-3 cross-reacts only very weakly with antibodies raised
against GST M1-1 but strongly with anti-rat GST 3-3 antibodies (27).
Even though antibodies to human GST M3-3 were not available, the

present results indicate strongly that the protein expressed exclusively
in U1810 cells is GST M3-3.

Table 2 ttCNU deniirmaiion activities of GSTs

EnzymeHuman

GST Al-lHuman
GSTPl-lHuman

GSTMI-1Human

GST M3-3

Rat GST 3-3Specific

activity"

(nmol/min/mg)n.d."n.d.n.d.1.4

Â±0.2 (n = 6)
4.1 (n = 2)

" Activity (Â±SD) is expressed as GST-dependent nitrite formation per mg enzyme

protein.
'' n.d.. no detectable activity at en/yme concentrations up to 0.5 mg/ml and incubation

times up to 30 min.

From the quantitative ELlSAs, it is clear that GST Pl-l is the

dominant enzyme and that its concentration in both cell lines are
comparable, even if the value for U1690 cells is somewhat higher.
Any significant contribution of GST Pl-l to the observed 3.2-fold
difference in BCNU resistance is consequently unlikely. GST Al-1
was expressed at a 15-fold higher concentration in the sensitive cell

line U1690 than in the resistant U1810 cell line and can. therefore, not
be responsible for the elevated BCNU resistance noted for the U1810
cells. The remaining difference in GST expression is the presence of
GST M3-3 in the U1810 cells and its absence in the U1690 cells (Fig.

1). This isoenzyme is the only one of the human GSTs tested that
exhibits detectable denitrosation activity with BCNU (Fig. 2. Table 2).
Although the relevant concentration of BCNU in the cell is unknown,
the denitrosation activity of GST M3-3 may play a significant role in

the observed resistance of U1810 cells against BCNU.
The U1810 cells express the DNA repair protein O''-alkylguanine-

DNA alkyltransferase, which is undetectable in the U1690 cells, and
this difference in activity has been suggested to be an important factor
in the resistance of U1810 cells to BCNU (37). O"-Alkylguanine-

DNA alkyltransferase is known to protect the cell by removing alkyl
groups (such as the 2-chloroethyl group derived from BCNU) from
the O'' site of guanine bases in DNA and consequently serves in a
repair function. In addition, the protein may bind to l-O''-ethanogua-

nine in BCNU-treated DNA and thereby prevent formation of DNA
interstrand cross-links (41). However, several resistance mechanisms

may act in concert in the same cell. Thus, the denitrosation activity of
a GST would play a different role that involves lowering the concen
tration of active drug rather than DNA repair. The pronounced differ
ence in DNA interstrand cross-linking between U1690 and U1810
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100 200 300 400 500 600
GST M3-3 concentration (^g ml"')

700

Fig. 2. Denilrosation of BCNU catalyzed by human glutathione Iransferase M3-3.
Formation of nitrite from BCNU was determined as a function of time (A ) and enzyme
concentration (/*)â€¢liars. SD (Â« = 4). For experimental details, see "Materials and
Methods."

Table 3. Cvloloxicity of cyloslatic drugs to the human lung cancer cell lines
U1690 and UIHIO

CytostalicdrugBCNU

Melphalan
Cisplatin
ChlorambucilICwlU169025

18
2817">M)Â°U181080

18
2813"

" Cytotoxicity is expressed as the drug concentration (1C,Â«,)inhibiting 90% of the

colony formation of the cells. The values are the means of two or three experiments with
coefficients of variation of 3-14%.

h ICso values (50% inhibition of colony formation).

cells indicates that resistance factors other than O''-alkylguanine-DNA

alkyltransferase contribute to the resistance phenotype in the U1810
cells. It should also be noted that the difference between the cell lines
in O''-alkylguanine-DNA alkyltransferase activity is smaller than the

difference in DNA interstrand cross-linking (37), a finding lending

further support to the view that cellular resistance factors other than
C/'-alkylguanine-DNA alkyltransferase are important. The results of

the present study indicate that GST M3-3 serves as such a comple

mentary resistance factor.
In order to evaluate the relative importance of the different resis

tance mechanisms, specific inhibition or other manipulations of the
alternative mechanisms would be required. The recent demonstration
that cells can be efficiently depleted of active O6-alkylguanine-DNA

alkyltransferase provides a tool for future investigation of this

4260

problem (42). In addition, the possible contribution of cytochrome
P450 catalyzed denitrosation of BCNU should also be considered
(cf. RÃ©f.39).

It appears obvious that identification of major resistance factors in
tumor cells may lead to improved strategies in the clinical treatment
of malignant tumors. Increased efficacy of certain cytostatic drugs in
the presence of GST inhibitors has already been demonstrated with
tumor cells in vitro (18-20).

REFERENCES
1. C'habner. B. A., and Collins, J. M. (eds.). Cancer Chemotherapy: Principles and

Practice. Philadelphia: J. B. Lippincott Company. 1990.
2. Kohn, K. W. Prospects for improved chloroethylnitrosourea and related halocthvlaling

agents. In: P. L. Kombluth, and M. D. Walker (eds.). Advances in Neuro-oncology, pp.
491-513. Mount Kisco. NY: Future Publishing Co., 1988.

3. Weinkam. R. J.. and Lin, H. S. Reactions of l,3-bis(2-chlorocthvl)-l-nitrosourea and
l-(2-chloroethyl)-3-cvclohexyl-l-nitrosourea in aqueous solution. J. Med. Chem., 22;
1193-1198, 1979.

4. Brundrett, R. B., Cowens, J. W., and Colvin. M. Chemistry of nitrosoureas. Decom
position of deuterated 1.3-bis(2-chloroethyl)-l-nitrosourea. J. Med. Chem., /Â°:958-
961, 1976.

5. Colvin, M., Cowens, J. W., Brundrett, R. B., Kramer, B. S., and Ludlum, D. B.
Decomposition of BCNU (1, 3-bis(2-chloroethyl)-l-nitrosourea) in aqueous solution.
Biochem. Biophys. Res. Commun.. 60: 515-520, 1974.

6. Erickson, L. C., Laurent, G., Sharkey, N. A., and Kohn, K. W. DNA cross-linking and
monoadduct repair in nitrosourea-treated human tumour cells. Nature (Lond.), 228:
727-729, 1980.

7. Chasseaud. L. F. The role of glutathione and glutathione .S'-transferascs in the me

tabolism of chemical carcinogens and other electrophilic agents. Adv. Cancer Res..
29: 175-274, 1979.

8. Mannervik. B., and Danielson. U. H. Glulathione transferasesâ€”structure and catalytic
activity. CRC Crii. Rev. Biochem., 23: 283-337, 1988.

9. Esterbauer, H. Aldehydic products of lipid peroxidation. In: D. C. H. McBrien. and
T. F. Slater (eds.). Free Radicals, Lipid Peroxidation and Cancer, pp. 101-122.
London: Academic Press. 1982.

10. Berhane, K.. and Mannervik, B. Inactivation of the genotoxic aldehyde acrolcin by
human glutathione transferases of classes Alpha, Mu, and Pi. Mol. Pharmacol., 37:
251-254, 1990.

11. Beauchamp. R. O., Jr.. Andjelkovich, D. A., Kligerman, A. D., Morgan. K. T., and
Heck. H. d'A. A critical review of the literature on acrolein toxicitv. CRC Crit. Rev.

Toxicol., /â€¢*:309-380, 1985.

12. Alarcon. R. A., and Meienhofer. J. Formation of the cytotoxic aldehyde acrolein
during HI vitro degradation of cyclophosphamide. Nature (New Biol.), 233: 250-252,
1971.

13. Mannervik, B., Awasthi, Y. C., Board, P. G.. Hayes, J. D., Di Ilio, C.. Ketterer, B.,
Lislowsky. !.. Morgenstern. R.. Muramalsu, M., Pearson, W. R., Picket!. C. B.. Sato.
K.. Widersten. M., and Wolf. C. R. Nomenclature for human glutathione transferases.
Biochem. J., 282: 305-306, 1992.

14. Mannervik, B., Ã‚lin, P., Guthenberg, C., Jensson, H., Tahir, M. K., Warholm, M.. and
Jornvall, H. Identification of three classes of cytosolic glutathione transferases com
mon to several mammalian species: correlation between structural data and enzymatic
properties. Proc. Nati. Acad. Sci. USA. Â«2:7202-7206. 1985.

15. Meyer, D. J., Coles, B.. Pemble, S. E.. Gilmore, K. S., Fraser, G. M., and Ketterer, B.
Theta, a new class of glutathione transferases purified from ral and man. Biochem. J..
274: 409-414, 1991.

16. Dulik, D. M., Fcnselau. C., and Hilton, J. Characterization of melphalan-glutathione

adducls whose formation is catalyzed by glutathione transferases. Biochem. Pharma
col., 35: 3405-3409, 1986.

17. Ciaccio, P. J., Tew, K. D.. and LaCreta, F. P. Enzymatic conjugation of chlorambucil
with glutathione by human glutathionc .S'-transferases and inhibition by ethacrynic

acid. Biochem. Pharmacol., 42: 1504-1507, 1991.

18. Tew, K. D., Bomber, A. M., and Hoffman, S. J. Ethacrynic acid and piriprost as
enhancers of cytotoxicity in drug resistant and sensitive cell lines. Cancer Res.. 48:
3622-3625, 1988.

19. Smith, M. T., Evans, C. G., Doane-Setzer, P., Castro, V. M., Tahir, M. K., and
Mannervik, B. Denitrosation of l,3-bis(2-chloroethyl)-l-nitrosourea by class Mu

glutathione transferases and its role in cellular resistance in rat brain tumor cells.
Cancer Res., 49: 2621-2625, 1989.

20. Hansson. J.. Berhane. K., Castro. V. M.. Jungnelius. U., Mannervik, B.. and Ringborg.
U. Sensitization of human melanoma cells to the cytoloxic effect of melphalan by Ihe
glutathione transferase inhibitor ethacrynic acid. Cancer Res.. 5/: 94â€”98.1991.

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

22. McGown. A. T., and Fox, B. W. A proposed mechanism of resistance to cyclopho-
spamide and phosphoramide mustard in a Yoshida cell line in vitro. Cancer Che-
mother. Pharmacol., 17: 223-226, 1986.

23. Dahllof, B.. Martinsson. T, Mannervik, B.. Jensson, H.. and Levan. G. Character
ization of multidrug resistance in SEWA mouse tumor cells: increased glutathione
transferase activity and reversal of resistance with verapamil. Anticancer Res., 7:
65-70, 1987.

24. Lewis, A. D., Hickson, 1. D., Robson, C. N., Harris, A. L., Hayes, J. D., Griffiths, S.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/18/4257/2451582/cr0530184257.pdf by guest on 19 M

ay 2023



GSH TRANSPIRASES IN HUMAN LUNG CANCER CELLS

A.. Manson. M. M.. Hall. A. E.. Moss. J. E.. and Wolf. C. R. Amplification and
increased expression of alpha class glutathione .V-transferasc-encoding genes associ
ated with resistance to nitrogen mustards. Proc. Nati. Acad. Sci. USA, Â«.5:8511-8515,

1988.
25. Stenherg. G., Bjornestedt. R., and Mannervik, B. Heterologous expression of recom

binant human glutathione transferase Al-1 from a hepatoma cell line. Protein Ex
pression Purif., 3: 80-84, 1992.

26. Widerstcn. M.. Pearson. W. R., EngstrÃ¶m. A., and Mannervik, B. Heterologous
expression of the allelic variant Mu-class glutathione transferase fx and \i>.Biochem.
J., 276: 519-524, 1991.

27. Hao, X-Y.. Widcrsten, M., Ridderstrom, M., Hellman, U.. and Mannervik, B. Co

variation of glutathione transferase expression and cytostatic drug resistance in HeLa
cells: establishment of class Mu glutathione transferase M3-3 as the dominating
isoenzymc. Biochem. J., in press, 1993.

28. Kolm, R. H., Sroga, G. E., and Mannervik, B. Participation of the phenolic hydroxyl
group of Tyr-8 in the catalytic mechanism of human glutathionc transferase Pl-1.
Biochem. J., 285: 537-540. 1992.

29. Alin, P., Jensson, H., Gulhenberg, C.. Danielson, U. H., Tahir, M. K., and Mannervik.
B. Purification of major basic glutathione transferase isoenzymes from rat liver by use
of affinity chromatography and fast protein liquid chromatofocusing. Anal. Biochem.,
146: 313-320. 1985.

30. Bergh, J.. Nilsson, K.. Ekman. R.. and Giovanella. B. Establishment and character
ization of cell lines from human small and large cell carcinomas of the lung. Acta
Pathol. Microbio!. Immunol. Scand., 93: 133-147, 1985.

31. Mannervik. B.. and Guthenberg. C. Glutathione transferase (human placenta). Meth
ods Enzymol., 77: 231-235, 1981.

32. Habig, W. H., and Jakoby. W. B. Assays tor differentiation of glutathione S-transfer-
ases. Methods Enzymol., 77: 398-405, 1981.

33. Talcoll. R. E.. and Levin, V. A. Glutathione-dependent denitrosation of AW-bis(2-
chlorocthyl)-rV-nitrosourea (BCNU): nitrite release catalyzed by mouse liver cytosol
in vitro. Drug Metab. Dispos., //: 175-176, 1983.

34. Bratton, A. C., and Marshall, E. K., Jr. A new coupling component for sulfanilamide
determination. J. Biol. Chem., 128: 537-550. 1939.

35. Erickson, P. F.. Minier, L. N-, and luisher. R. S. Quantitative electrophoretic transfer
of polypeptides from SDS polvacrylamide gels to nitrocellulose sheets: a method for
their re-use in immunoautoradiographic detection of antigens. J. Immunol. Methods.
51: 241-249, 1982.

36. Puck. T. T., and Marcus, P. I. Action of X-rays on mammalian cells. J. Exp. Med.. 103:
653-666, 1956.

37. Egyhazi. S., Bergh, J., Hansson. J.. Karran. P., and Ringborg. U. Carmustine-induced
toxicity, DNAcrosslinking and O"-methylguanine-DNA methyltransferase activity in
two human lung cancer cell lines. Eur. J. Cancer, 27: 1658-1662, 1991.

38. Skipper, H. E., Schabel, F. M., Jr., Trader, M. W.. and Thomson. J. R. Experimental
evaluation of potential anticanccr agents. VI. Anatomical distribution of leukemic
cells and failure of chemotherapy. Cancer Res., 21: 1154-1164, 1961.

39. Hill, D. L.. Kirk, M. C., and Struck, R. F. Microsomal metabolism of nitrosoureas.
Cancer Res., .?5: 296-301, 1975.

40. Hill. D. L. /V^'-bis(2-chloroethyl)-/V-nitrosourea (BCNU). a substrate for glutathione

(GSH) S-transferase. Proc. Am. Assoc. Cancer Res., 17: 52, 1976.
41. Gonzaga. P. E., Potter, P. M., Niu, T-Q., Yu, D., Ludlum, D. B.. Raffcrty. J. A..

Margison, G. P., and Brent. T. P. Identification of the cross-link between human
O''-methylguanine-DNA methyltransferase and chloroethylnitrosourea-treated DNA.
Cancer Res., 52: 6052-6058, 1992.

42. Mitchell. R. B.. Mosche!. R. C, and Dolan. M. E. Effect oiCf'- benzylguanine on the
sensitivity of human tumor xenografts to l.3-bis(2-chloroethyl)-l-nitrosourea and on
DNA interstrand cross-link formation. Cancer Res., 52: 1171-1175, 1992.

4261

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/18/4257/2451582/cr0530184257.pdf by guest on 19 M

ay 2023




