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ABSTRACT

As a means to understand the fundamental mechanisms of bleomycin
cell killing, we previously isolated 19 bloomvein-sensitive mutants which
represent at least six genetically distinct complementation groups (T. D.
Starnato, B. Peters, P. Patii, N. Denko, R. Weinstein, and A. Giaccia.
Cancer Res., 47:1588-1592,1987). One class of mutants represented by
the cell line BL-10 displays only hypersensitivity to killing by bleomycin
in both acute (16 h) and chronic treatments but no sensitivity to killing
by other DNA-damaging agents. Complementation studies between this
mutant and human fibroblasts suggested that the human gene which
corrects the defect of BL-10 rested on human chromosome 6. It has been
reported that the gene for human glutathione S-transferase (GST) a also
resides on chromosome 6. Measurements of selenium-independent per-
oxidase (a-GST + glutathione peroxidase) activity in wild-type Chinese
hamster ovary (CHO) cells, using eumene hydrogen peroxide as a sub
strate, gave a value of 112 nmol of glutathione oxidized/min/mg protein
compared with 88.1 nmol of glutathione oxidized/min/mg protein for BL-
10. Measurement of the selenium-dependent peroxidase activity, using
II2O2 as a substrate, resulted in 65.9 nmol of reduced glutathione oxi
dized/min/mg protein in CHO and 81.5 nmol of reduced glutathione
oxidized/min/mg protein for BL-10. In other words, BL-10 cells did not
exhibit a difference in their ability to metabolize both substrates in
contrast to CHO cells. This indicates that BL-10 possesses little a-GST
activity. Transfection of BL-10 cells with a mammalian expression vector
containing the a-GST gene increases the survival of BL-10 to bleomycin
and does not increase the bleomycin resistance of two other bleomycin
mutants which lie in different genetic complementation groups. These
data strongly implicate a role for a-GST in the resistance of cells to
bleomycin.

INTRODUCTION

The purpose of isolating rodent cells hypersensitive to killing
by either physical or chemical agents is to understand the
underlying molecular mechanisms governing cellular resistance
to these agents. This might prove useful in the delivery of these
drugs to patients, as well as establishing predictive assays for
the over- or underexpression of the relevant proteins in tumor
cells. The approach taken by us and others has been to first
characterize sensitive mutants on the basis of their cross-sen
sitivities to killing by DNA-damaging agents and then to ge
netically restore their altered phenotype either by cell fusion
techniques or by DNA-mediated transfection studies. These
approaches have been somewhat successful both in understand-
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ing the nature of the cellular biochemical defect and identifying
human complementing chromosomes and DNA sequences for
some mutant rodent cell lines sensitive to radiation killing (1).
However, much work still needs to be performed in understand
ing how these genes work at a molecular level. Eventually, these
mutant genes will be grouped into distinct cellular pathways
depending on their response to different stimuli.

Because our interests lie in understanding cellular mecha
nisms for DNA repair, we have chosen to study bleomycin-
sensitive cells, since this drug is thought to kill cells by DNA
breakage and degradation (2, 3). Bleomycin is a glycopeptide
derived from the yeast Streptomyces verticillus and is primarily
used as an anticancer agent for testicular carcinomas and squa-
mous cell carcinomas of the head and neck (4). Although the
primary mode of killing by bleomycin is thought to be by DNA
damage, 6 of 19 bleomycin-sensitive cell lines exhibited no
cross-sensitivity to other DNA-damaging agents (5). We believe
that these 6 cell lines suggest one or more pathway(s) for
bleomycin cell killing, independent of DNA double-strand
break induction or repair.

BL-10 is one member of this above-mentioned group for
which we have used a genetic analysis to determine its biochem
ical defect. Somatic cell hybrids formed between rodent BL-10
and human fibroblasts suggested that the human gene that
restored the biochemical defect in BL-10 resided on human
chromosome 6. Analysis of genes which have previously been
mapped to human chromosome 6 revealed that a-GST3 is

located on chromosome band 6pl2 (6). This gene is a member
of a supergene family of cytosolic proteins which are important
in drug detoxification (7). Thus, a-GST seemed to be an excel
lent candidate gene for the BL-10 mutation.

Here we report that BL-10 cells possess no functional a-GST
activity, because they showed no differential utilization of eu
mene H2O2 and H2O2 (differential utilization of these two
substrates is a measure of a-GST activity). We also show that
bleomycin-resistant revenants from BL-10 cells also possess
restored GST activity. Finally, transfection of a functional
human a-GST gene specifically bestows bleomycin resistance
to BL-10 cells and not to other bleomycin-sensitive cell lines,
BL-11 and BL-14, which lie in different genetic complementa
tion groups. These data support the conclusion that a lack of
a-GST activity in BL-10 cells is responsible for its bleomycin
sensitivity.

MATERIALS AND METHODS

Cell Lines. The bleomycin-sensitive cell lines BL-10, BL-11, and BL-
14 were all derived from CHO Kl cells following a single mutagen
treatment (1). These mutant cell lines possess similar growth charac-

3The abbreviations used are: GST, glutalhione transferase; CHO, Chinese
hamster ovary" D37,the dose of bleomycin required to reduce survival to 37% of
the untreated cell population; SSC, sodium chloride/sodium citrate (20x SSC is
3.0 M sodium citrate and 0.3 M NaCL); GSH, glutathione; CDNB, l-chloro-2,4-
dinitrobenzene.
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teristics and generation times. The human fibrosarcoma cell line
HT1080 was obtained from American Type Culture Collection. The
primary diploid fibroblast cell line WI38 was generously provided by
Dr. Vince Cristofalo (Wistar Institute, Philadelphia, PA). All cell lines
were routinely grown in Ham's F12 media containing 10% fetal calf

serum supplemented with 200 units/ml of penicillin and 100 Mg/ml of
streptomycin at 37.5Â°Cin a 5% CO2 incubator.

Hybrid Formation. All hybrid cell lines were obtained by fusing 1 x
10' BL-10 cells possessing markers for 6-thioguanine resistance and
oubain resistance to 1 x IO6human fibroblast cells in serum-free media

containing 45% polyethylene glycol 2000 and 7.5% dimethyl sulfoxide
for 1 min, as described previously (8). The fusion media was then
diluted 1:10, and after an additional minute, the cells were rinsed four
times with complete F12 media containing 10% serum. After 18 h,
these cells were trypsinized and replated at a density of 5 x 10s cells/
100-mm dish in F12 media containing 1 x IO"4 M hypoxanthine, 4 x
10~7 M aminopterin, 1.6 x IO"5 M thymidine, and 1 mM oubain to

select for stable hybrid formation. This media was also supplemented
with 0.05 Mg/ml bleomycin (Blenoxane was a gift from Bristol Myers
Co.) to ensure the retention of the human chromosome which comple
mented the genetic defect of BL-10. After 15-20 days, individual hybrid
clones were isolated in 96-well tissue culture dishes (Costar) and tested
for bleomycin resistance (5). Clones arose at a frequency between 1 and
3 x 10~7 in a medium containing 1 x 10"* M hypoxanthine, 4 x 10~7
M aminopterin, 1.6 x 10~5M thymidine, 1 mM oubain, and 0.05 Mg/ml

bleomycin. BL-10 self-crosses resulted in no bleomycin-resistant hy
brids after screening 1 x IO7cells with the same protocol.

Survival Curves. All survival curves were performed on exponentially-
growing cells in six-well plates (Costar). Clonogenic survival was deter
mined by fixing colonies with 10% formalin and staining with 1%
crystal violet solution for counting. Colonies were composed of 50 cells
or more. For almost all clones, the D37was tabulated.

Determination of Human Chromosome Composition of Hybrids. The
human chromosomal content of each somatic cell hybrid was deter
mined by Giemsa-trypsin banding (9) and Giemsa-11 staining (10). At
least 10 mitotic cells from each hybrid were analyzed. Further identi
fication of rearranged or broken chromosomes was performed by flu
orescent in situ hybridization using unique chromosome-specific DNA

probes (II). These probes were a gift of Dr. Dan Pinkel of Lawrence
Livermore Laboratory. Plasmids harboring chromosome-specific
probes were isolated using the polyethylene glycol precipitation tech
nique (12). Purified plasmid DNA was fiuorescently labeled with bio-
tinylated ATP (Boehringer Mannheim), and the protocol for in situ
hybridization was that of Pinkel et al. (11). Briefly, areas possessing
high numbers of metaphase spreads were first marked, then denatured
with 70% formamide in 2 x SSC, pH 7.0, subsequently dehydrated in
ethanol, and air dried. Approximately 10 ml of hybridization mix
containing 50% formamide, 2x SSC, 10% dextran sulfate, 500 ng of
sonicated Herring sperm DNA, 960 ng of human blocking DNA, and
50-100 ng of fiuorescently labeled probe was denatured for 5 min at
70Â°Cand then placed at 37Â°Cfor l h to allow nonunique repetitive

DNA sequences to reaneal. This mixture was then added to the marked
areas, coverslipped, and sealed to prevent evaporation. After 3-5 days
of hybridization at 37Â°C,the coverslips were removed, the slides were
washed with 50% formamide and 2x SSC at 45Â°C,and then the slides

were stained, first with 5 Mg/ml of avidin conjugated to fluorescein
(Vector Laboratories), with 5 mg/ml of biotinylated goat anti-avidin
(Vector Laboratories), and with a final round of fluoresceinated avidin,
all made up in buffer (0.1 M Na2HPO4 and 0.1 M NaH2PO4, pH 8.0,
buffer-0.1% Nonidet P-40-5% nonfat dry milk). Finally, 2 Mg/ml of
propidium iodide solution in 90% glycerol was applied to stain all
chromosomal material. An antifade solution (1 Mg/ml) of /7-phenyle-
mediamine was also included to aid in preventing fluorescent fading.
Nonhybridized chromosomes will stain red (gray when viewed in black
and white photography), and hybridized chromosomes will stain yellow
(white).

Enzyme Assays. Total cellular GST activity was assayed using the
method of Habig et al. (13), using the substrate CDNB [as described by
Lewis et al. (14)]. This substrate is metabolized by all GST isozymes

(a, IT,and M).We have also modified this assay for use with a UVmax
microplate reader (Molecular Devices, Menlo Park, Ca) which allows
the total reaction to be performed in a volume of 50 Â¡i\,reducing the
need for large amounts of protein, as well as increasing the number of
replica samples. The differences in total GST activity measurements
between the UVmax reader and the conventional spectrophotometer
assay of Habig et al. are caused by the differences in the light position
(under the plate versus on the side) which change the path length and
thus the wavelength of the light. It works well as an assay to measure
relative differences between cell lines.

Functional activity of a-GST and glutathione peroxidase for BL-10
and CHO was determined spectrophotometrically at 340 nm wave
length by measuring the differential peroxidase activities toward eu
mene hydrogen peroxide versus hydrogen peroxide (15). ir-GST activity
was assayed using ethacrynic acid as a substrate (13). For enzyme
assays, exponentially growing cells were trypsinized, neutralized with
serum, washed twice in phosphate-buffered saline (Gibco) containing
0.1 mM EDTA, and resuspended in 1 ml of this same buffer. These
cells were then lysed by sonication with a sonifier cell disruptor with
4.5-s pulses of 75 W with cooling on ice between pulses. After sonica
tion, all samples were first checked microscopically for complete cell
lysis and then centrifuged at 15,000 x g for 20 min. The supernatant
was aliquoted into fresh tubes and stored at â€”70Â°Cuntil needed. Protein

quantitation was performed using the bicinchoninic acid technique (16).
GSH was determined by high performance liquid chromatography as
described by Minchinton (17).

Immunoblotting. Immunoblotting of proteins from sodium dodecyl
sulfate gels onto nitrocellulose was performed by the method of Towbin
et al. (18). The polyclonal antibodies used for detection were originally
raised against human a- and ?r-GSTs, but because the GST proteins
are highly conserved between species, the antibodies recognize similar
epitopes on rodent cell lines. The use of these antisera on CHO GSTs
has been previously described (14).

Reversion Analysis. Bleomycin-resistant revenant cells derived from
parental BL-10 cells were isolated by mutagen treatment with ethyl
methanesulfonate (Sigma) for 12 h at 200 Mg/ml. After 3-5 days of
recovery following mutagen treatment, 40 plates, each containing ap
proximately 2 x IO5cells, were placed in F12 media supplemented with

0.5 Mg/ml bleomycin for isolation of revenant subclones. Cells were
refed with fresh F12 + 0.5 Mg/ml bleomycin every 4 days until vigor
ously growing clones appeared. The reversion frequency was 1.3 x IO"6.

Nine clones were isolated and grown in only FI 2 media. Of these nine
clones, three clones possessed a stable phenotype and were all signifi
cantly more bleomycin resistant than BL-10. The total GST activity of
each subclone was determined and plotted as a function of its bleomycin
resistance (D37).

Transfection of Plasmids pCGST-R and pCGST-W into BL-10 Cells.
Plasmids pCGST-R and pCGST-W were constructed as follows: An
Â£coRIfragment containing the entire coding sequence (complementary
DNA) of the human Â«-GSTgene was ligated into a unique Â£coRIsite
in the mammalian expression plasmid pCDNAl (Invitrogen Corp., San
Diego, CA) using standard procedures (12). After ligation, this plasmid
mixture was used to transform DH5a to ampicillin resistance. Twenty
ampicillin-resistant bacterial colonies were picked with sterile Pasteur
pipets and expanded into 10 ml of Lennox Broth' (LB) containing 50

Mg/ml ampicillin for further analysis. The sense and antisense orienta
tion were determined by digesting plasmids with Hindlll. The sense
orientation was designated pCGST-R, and the antisense orientation
was designated pCGST-W. Isolation of large quantities of plasmid
DNA was performed by the polyethylene glycol precipitation technique
(12). Electroporation was used to introduce plasmid DNA (12), and a
total of IO7cells/mutant cell line was transfected by mixing 1-2 Mgof
plasmid DNA with either 1 x IO6 BL-10, BL-11, or BL-14 cells into

10 electroporation chambers/cell line. After transfection, cells were
selected in F12 media containing 0.5 Mg/ml bleomycin. The plates were
refed with fresh media containing bleomycin every 4 days for 2-3
weeks. Aliquots of each cell were plated in F12 media alone to deter
mine plating efficiency. Past work has shown that transfection of these
cell lines with pSV2NeO results in similar transfection efficiencies,
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BLEOMYCIN CONCENTRATION (ng/ml)
Fig. 1. Bleomycin survival of BL-10 x HT 1080 hybrids (1052 x HT 1-5) and

BL-10 x W138 hybrids (1052 x W l -5) after chronic bleomycin treatment. Shaded
area, clustering of hybrid survival near that of the human cell line, HT1080.

excluding the possibility of differential plasmiti uptake and/or
integration.

RESULTS

Survival of BL-10 x Human Hybrids to Bleomycin. Fig. 1
displays the survival of BL-10, wild-type CHO, human fibro-
blast HT 1080, and ten BL-10 x HT 1080 hybrids to chronic
bleomycin exposure (bleomycin present for the entire colony-
forming period). The response of HT 1080 cells to bleomycin
treatment is intermediate between wild-type CHO and BL-10
cells. Of 10 hybrid cell lines 8 possessed similar or slightly
greater resistance to bleomycin treatment as HT 1080 cells
(shaded area). This suggests that in these hybrids, the human
complementing gene is somehow regulated to the same extent
as in HT 1080 cells. However, 2 hybrid cell lines were found
which possessed bleomycin resistance similar to wild-type CHO
cells. Although it is possible that these hybrids were revenants
of the mutated hamster BL-10 gene, this does not seem to be
the case, because the reversion rate after fusion of BL-10 x BL-
10 self-hybrids was <1 x 10~7. Furthermore, this resistance

could be segregated in subclones of these hybrids (Table 1).
Although hybrid cell lines possess differences in their magni
tude of bleomycin resistance, they are 6.5- to 32-fold more
resistant to killing by bleomycin than BL-10 cells when com
paring D37 values. Table 1 lists the individual D37values of 12
primary hybrid and 7 hybrid subclones derived from primary
hybrids for bleomycin sensitivity.

Human Chromosome 6 Corrects the Bleomycin Sensitivity of
BL-10 Cells. Twelve primary bleomycin hybrids were first ana
lyzed cytogenetically for the presence of human chromosomal
material to determine which human chromosome was respon
sible for conferring bleomycin resistance to BL-10 cells. Table
2 displays the human chromosome content of each hybrid cell
line determined by G-ll and trypsin-Giemsa banding. Fig. 2
shows a metaphase spread of hybrid 1052 x WI-3 which dem
onstrates the unambiguous presence of human chromosome 6.
Fluorescent in situ hybridization with a chromosome 6-specific
DNA library was very useful in identifying human chromosome
6 fragments in the hamster background (Fig. 3). Chromosome
6 was the only human chromosome consistently present in all
BL-10 x human hybrids.

Human Chromosome 6 and BL-10 Glutathione S-Transferase-
a. After the human complementary chromosome for BL-10
was identified, we thought that previous gene-mapping data to
that chromosome would be useful in discovering the identity of
the gene. For many DNA repair mutants, mapping data have
not proved fruitful in the identification or isolation of the
mutant gene product, because many genes involved in DNA
repair have not yet been cloned. However, the sensitivity of BL-
10 to killing by bleomycin seems not to involve DNA repair
(19). Of the possibilities we investigated on chromosome 6 that
might be responsible for the unusual phenotype of BL-10, we
found the glutathione transferase-a gene to be a strong candi
date. This gene, along with its other two cytosolic family
members, p and TT,has been implicated in cellular drug resist
ance and detoxification mechanisms (7). All four members of
the GST family, including the microsomal form, have been
chromosomally localized (see Table 3).

We tested the possibility that BL-10 lacked glutathione trans-
ferase-a activity by first assaying for total GST activity using

CDNB as a substrate and measuring its conjugation to GST
(13). Total cellular GST activity for mutant and wild-type cell
lines is presented in Table 4. BL-10 cells possess about 64% of
the total GST activity found in wild-type CHO cells. To verify
that this difference in GSTs was due to a lack of the functional
a isozyme, we specifically tested for a-GST activity of BL-10
and CHO cells (15). The a-GST measurements of both cell
lines are also presented in Table 4. Normally, CHO cells possess
two sources of peroxidase activity, one from glutathione per-
oxidase (the selenium-dependent form) and the other from a-
GST transferase (the selenium-independent form). The data in
Table 4 show that BL-10 cells possess only selenium-dependent
peroxidase activity, with little or no functional Â«-GSTperoxi
dase activity. However, both BL-10 cells and CHO cells have
the same amount of Tr-GST activity toward ethacrynic acid, a
specific substrate for Tr-GST activity (19.8 versus 15.9 nmol of
ethacrynic acid conjugated/min/mg of protein, respectively).

Table 1 D>7values of primary hybrids and hybrid clones derived from primary
hybrids for bleomycin sensitivity

CelllinePrimary

hybridsBL10W1BL10W2BL10W3BL10W4BL10W5BL10H1BL10H2BL10H3BL10H4BL10H5SubclonesBL10H2-2BL20H2-3BL10H4-1BL10H4-2BL10H4-3BL10H4-4BL10W5-1BL10W5-2BL10W5-4BL10CHOHT1080Bleomycin

sensitivity (D37)
Oig/ml) +/â€”Chromosome60.191

+0.653
+0.181
+0.157
+0.239
+0.199

+0.634
+0.165
+0.156
+0.199
+0.367

+0.421
+0.170
+0.298
+0.212
+0.131
+0.237
+0.288
+0.324
+0.02

NAÂ°0.65

NA0.10
+Â°

NA, nonapplicable.
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Further Evidence That the Lack of GST Activity Gives Rise
to the Sensitivity of BL-10 to Bleomycin. We used two ap
proaches to prove that the sensitivity of BL-10 to bleomycin
results from lack of a-GST activity and is not a chance second
ary mutation. The first, more classical approach, was to isolate
stable genetic revenants of BL-10 which approached CHO in
their bleomycin resistance and then attempt to correlate their
resistance with GST activity. The survival of three bleomycin-
resistant revenants to chronic bleomycin treatment is presented
in Fig. 4. All three revenant clones designated R1-R3 are more
resistant to bleomycin-induced killing than BL-10 cells. Since
BL-10 cells were revertible, this suggested that either a point
mutation or a small deletion was responsible for this defect.

Using Western blotting, we investigated the levels of a- and
TT-GSTs using their corresponding antibodies in BL-10 cells,
the three BL-10 revenants, and HT 1080 cells. Fig. 5 shows an
autoradiograph which demonstrates no appreciable difference
in denatured a-GST protein (A) or ?r-GST protein (B) recog
nized by antibody binding in the rodent cell lines. Since the
antibody used here recognizes more than one Â«-classGST
protein, the lack of difference between rodent cell lines is not
surprising. However, it is significant to note that HT 1080 cells
contain about one-tenth the amount of a-GST enzyme that the
rodent cells possess. These data indicate that bleomycin sensi
tivity does not fully correlate with the amount of Â«-GSTprotein
recognized by antibody binding per se. However, an indication
that the functioning of the enzyme may differ in the cell lines
and thereby confer different bleomycin sensitivities is shown in
Fig. 6. Here, total GST activity was plotted against bleomycin
resistance and shows a significant (P < 0.05) correlation. In
cluded in the graph is a CHO/CHO hybrid with high total GST
activity and increased resistance to bleomycin.

A second approach to prove that nonfunctional a-GST was
the molecular defect in BL-10 cells was to transfect BL-10 cells
with a mammalian expression plasmid possessing the sense
(pCGST-R) and antisense (pCGST-W) orientations of the func
tional human a-GST gene. We also transfected two other
bleomycin-sensitive mutants, BL-11 and BL-14, which are in
different complementation groups than BL-10 to ensure that
bleomycin resistance was specific to BL-10 cells and not just a
generalized cellular mechanism of resistance. Fig. 7 displays
the results of transfecting both sense and antisense constructs
into BL-10, BL-11, and BL-14 cells. The large number of
surviving colonies in the BL-10 cells transfected with a-GST in
the sense orientation shows that correction of bleomycin sen-
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Fig. 2. Photograph of trypsin-Giemsa-banded metaphase chromosomes from

bleomycin-resistant hybrid 1052 x WI-3. Numbers, human chromosomes.

sitivity by the a-GST gene is specific for BL-10 cells, since the
gene did not restore bleomycin resistance in BL-11 or BL-14
cells. The 20 colonies surviving bleomycin treatment with the
antisense construct in BL-10 cells are probably a result of the
position of the simian virus 40 enhancer sequences which will
permit some transcription in the antisense direction. When
these colonies were respread and retested, they were indeed
bleomycin resistant, suggesting that they possessed a stable
genetic alteration.

DISCUSSION

The power of somatic cell genetics in deciphering the com
plexities of the mammalian genome has long been appreciated.
Through the knowledge that human chromosome 6 restored
the resistance of BL-10 cells to killing by bleomycin, we located
a candidate gene for the defect and present strong evidence that
the bleomycin sensitivity of BL-10 cells results from a lack of
a-GST activity. The following data support this conclusion.

1. BL-10 cells possess an unusual sensitivity/resistance phe-

Table2Cytogenetic analysis of human chromosomes present (+) or absent (-) in BL-10 xhumanfibroblastsHuman

chromosomeno.Hybrid

clone11052XHT-1

I052XHT-2
1052XHT-3
1052XHT-4
1052XHT-5
1052XWI-1
1052XWI-2
1052XWI-3
1052XWI-4
1052XWI-5
1052X4V5
1052XW52R+%

discordancy"92"

For each human21003+
83chromosome4
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calculated by
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Total no. of clones /
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notype. It has similar sensitivity to killing by ionizing radiation
and other DNA-damaging agents as parental CHO cells but are
25- to 30-fold more sensitive to killing by bleomycin. Induction
and repair of DNA double-strand breaks by bleomycin are
identical in both BL-10 and CHO cell lines (19), implying that
the defect in this cell is not in DNA/chromosome repair.

2. BL-10 cells contain undetectable levels of functional a-
GST enzyme activity but normal ?r-GST activity.

3. Reversion data showed a good correlation between resto

ration of GST activity and bleomycin resistance despite the fact
that Western blotting demonstrated that the bleomycin-resist-
ant revenants had similar levels of denatured a-GST protein as
the sensitive BL-10 cells. This suggests that the point mutation
which is responsible for inactivating the enzyme does not
change the epitopes recognized by our antibody.

4. Bleomycin resistance could be restored to BL-10 cells by
transfecting an expression plasmici containing a functional <>â€¢-
GST gene in the sense orientation. BL-11 and BL-14 cells,

Fig. 3. Photograph of metaphise chromosomes from HT1080 (A) and hybrid 1052 X HT2 (B) hybridized with a biotinylated human chromosome 6-specific
library. Only human chromosome 6 sequences stain white as indicated by arrows.
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Table 3 Human chromosomal localization ofGSTs

GST type Chromosome Ref.

Microsomal

6
1

11
12

6
20
22
21

Table 4 Activity ofGSH and GST enzymes present in CHO and BL-10 cells

Glutathione S-transferase activities

Cell
line

CDNB*

GSH" S.P.' M.R. Cumene H2O/ H2O/
Ethacrynic

acid"*

CHO 6 627 Â±34V 123 Â±17.5 112.6 Â±0.4 65.9 Â±0.5 15.9
BL-10 19 400 Â±37 33.3+10.3 88.1 Â±2.8 81.5 Â±0.6 19.8

" Content = fmol/cell determined by high pressure liquid ehromatography.
*CDNB can be used as substrate by all GST isoforms and is measured as

nanomoles of CDNB conj/min/mg of protein.
' Â«-GST = eumene H2O2 - H2O2: CHO = 46.7 nmol of GSH oxidized/min/

mg of protein; BL-10 = 6.6 nmol of GSH oxidized/min/mg of protein.
rfEthacrynic acid is a substrate for jr-GST isoforms and is measured as nmol

of ethacrynic acid conjugated/min/mg of protein.
' S.P., conjugation of CDNB measured by spectrophotometer; M.R., conju

gation of CDNB measured by Microplate Reader (Molecular Devices).
^ Means Â±SD of at least three separate experiments, except ethacrynic acid

which is a mean of two experiments.

toxic species produced by free radical damage, especially hydro-
peroxides (7, 24). The defect in GST does not seem to be in
conjugating to xenobiotics, because there is no evidence that
GSTs bind bleomycin, and the same amount of initial strand
breaks are produced in both mutant and parent cell lines (19).
Since BL-10 cells are proficient in the repair of DNA double-
strand breaks, the defect in this cell probably lies in its reduced
ability to remove the metabolic products of bleomycin damage.
One possible metabolite that can cause this damage is base
propenals. Base propenals are derived from DNA after single-
or double-strand cleavage of DNA by bleomycin (25, 26). In
deed, preliminary analysis of base propenal structures seem to
indicate that they are likely substrates for a-GST. We are
currently testing this hypothesis to determine whether BL-10
cells are more sensitive than wild-type CHO to killing by these
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Fig. 4. Survival of BL-10 revenants (R1-R3) to chronic bleomycin exposure.

which belong to two different bleomycin complementation
groups, did not regain bleomycin resistance after transfection
with this plasmid. Taken together, these data strongly lead us
to conclude that the underlying defect in BL-10 cells, which
results in its bleomycin hypersensitivity, is its lack of Â«-GST
activity.

Previous work by Russo et al. (23) demonstrated a good
correlation between intracellular glutathione levels and bleo
mycin sensitivity. Here we find that BL-10 has 3-fold more
intracellular glutathione than CHO cells but is 25-fold more
sensitive. From our data, it is possible to interpret bleomycin
modulation by glutathione in CHO cells through its interactions
with GST and not as a radical scavenger per se. By limiting
GSH levels, GSTs cannot successfully detoxify bleomycin/
bleomycin metabolites. How does o-GST normally protect cells
from bleomycin damage? Traditionally, GSTs can promote
cellular resistance to xenobiotic killing by either physically
conjugating them to reduced glutathione or by eliminating the

Fig. 5. Western blot analysis of the cross-reaction of denatured proteins from
CHO, BL-10, Rl, R2, R3, and HT1080 cells to the n-GST antibody (A) and ir-
GST antibody (B).
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Fig. 6. Correlation between total GST activity in CHO, BL-10, Rl, R2, R3,
and CHO/CHO cells and survival to bleomycin (D37).

4468

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/16/4463/2445194/cr0510164463.pdf by guest on 19 M

ay 2023



GENETIC MAPPING OF BL-IO

B
CELL LINE
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Fig. 7. Transfection of BL-10, BL-11, and BL-14 cells with the mammalian
expression plasmid pCDNA, harboring the n-GST gene in the sense (pCGST-R)
and antisense (pCGST-W) orientations. Numbers beneath each vector, numbers
of colonies that survived a treatment of 0.5 Mg/ml bleomycin replenished every 4
days for 2-3 weeks. Kb, kilobases.

compounds. Since reversion analysis indicates that the defect
in BL-10 cells is most probably a point mutation or small
deletion, comparison of a-GST DNA sequences between BL-

10 and CHO cells should give further insight into structure/
functional activity of this enzyme (27). Since our antibody
recognizes approximately the same molecular weight size pro
teins, the defect in this a-GST gene of BL-10 may lie in a
critical binding site for either GSH or a bleomycin metabolite.
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