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Table 2 Effects ofBSO and verapamil on drug resistance
D37values are given for parental CHO-K1 cells and CHO-Chl cells following

exposure to a combination of mechlorethamine and BSO (25 ;i\i ) or to verapamil
(100 Â¿IM)and either melphalan or chlorambucil.

IEF

CHO-KI(ixg/ml)Mechlorethamine

Mechlorethamine + BSO
Chlorambucil
Chlorambucil + verapamil
Melphalan
Melphalan + verapamil0.059

0.014
3.3
1.8
0.65
0.33CHO-Chl

Gig/ml)2.05

0.33
80
30

8.65
3.10

Table 3 Comparison of intracellular melphalan accumulation in wild-type and
CHO-Chl cells

Extracellular
melphalan
concentra
tion(UM)15.4

15.4
46.2
46.2Exposure

time
(min)3

30
3

30Intracellular

melphalan level
(nmol/106cells)CHO-KI0.19

Â±0.06Â°

0.34 Â±0.06
0.35 Â±0.07
0.79 Â±0.11CHO-Chl0.15

Â±0.04
0.41 Â±0.08
0.33 Â±0.08
0.74 Â±0.12

" Mean Â±SE of 3 separate experiments. Cells (107/ml) in suspension were
exposed to [MC]melphalan for the times indicated. The reaction was terminated
by the addition of ice-cold phosphate-buffered saline-1% bovine serum albumin,
the cells were washed 3 times with the same buffer, and the pellet was solubili/al
in 1% sodium dodecyl sulfate before scintillation counting.

Table 4 Intracellular glutathione levels

Cell line

Intracellular glutathi
one level (nmol/mg

protein)

CHO-KI
CHO-Chl

18.4 Â±2.2Â°

33.0 Â±5.6
" Mean Â±SE of at least 3 independent assays.

be expected because of the cross-linking via O'-guanine in the

case of these two drugs (40, 41) and because resistance to
BCNU may be mediated by the specific repair enzyme O6-

methylguanine methyltransferase (42).
To investigate whether increasing cellular resistance was

accompanied by major alterations in the level of synthesis of
specific proteins, 2-dimensional gel electrophoresis of [35S]-

methionine-labeled polypeptides was undertaken. The results
(Fig. 4) show that CHO-Chl cell synthesize greatly elevated
levels of a polypeptide with a molecular weight of approxi
mately 25,000 with an isoelectric point around 7.5. This level
of enhanced protein synthesis was not dependent upon contin
ued exposure of CHO-Chl cells to chlorambucil. This single
major difference in the protein gel patterns for the 2 lines is
also seen on Coomassie blue-stained gels (data not shown).

The 25,000 polypeptide does not appear to be a nuclear
protein as it was absent from preparations of nuclei from CHO-
Ch 1 cells isolated by a number of different methods (data not
shown). Based on its cellular location and isoelectric point, the
possibility that this protein is a glutathione transferase is cur
rently under investigation.

There are many different glutathione transferase isoenzymes
which participate in a wide variety of intracellular reactions
involving detoxification of drugs and carcinogens. If one spe
cific transferase had increased in activity in CHO-Chl cells
then the pattern of cross-resistance to aklylating agents and
other drugs such as Adriamycin would depend on its substrate
specificity. This has not yet been defined with regard to cyto-
toxic drugs for any glutathione transferase. There has been a
report of a chlorambucil-resistant line in which glutathione
transferase activity was elevated (43). Also, an MCF-7 cell line
resistant to Adriamycin was shown to have a manifold increase
in glutathione transferase but was not nearly as cross-resistant
to alkylating agents (44).

6 SDS

Fig. 4. Two-dimensional gel electrophoresis of [3!S]methionine-labeled total
soluble proteins from CHO-KI cells (bottom) and CHO-Chl cells (top). Proteins
were separated by isoelectric focusing (//./) (pi values are shown across the top
of the gel) followed by sodium dodecyl sulfate (SflSVpolyacrylariide gel electro
phoresis. Curved arrow, position of the M, 25,000 polypeptide overproduced by
CHO-Chl cells.

Karyotype analysis on CHO-Chl cells (kindly performed by
C. Ockey) failed to reveal conclusive evidence for cytogenic
indicators of gene amplification, such as double minutes or
homogeneous staining regions. However, it did reveal that
CHO-Chl cells have an abnormal karyotype with a modal
chromosome number of 29 (compared to 22 for parental cells).
While this additional genetic information appears to have re
sulted largely from chromosome rearrangements, there does
not appear to be evidence of significant heterogeneity among
the population (data not shown).

Since glutathione transferases are inducible and up to a 26-
fold increase in mRNA for a transferase has been reported (45),
it may be unnecessary for gene amplification to occur in order
to produce the level of resistance seen here. It is possible that a
genetic rearrangement has constitutively activated an inducible
protein, in a way similar to that of c-myc activation in lympho-
mas. Alternatively, the extra genetic information may simply
code for extra copies of a glutathione transferase gene.

The pattern described in this CHO cell line is. compatible
with many clinical observations of alkylating agent resistance.
Chlorambucil is commonly used as a single agent in ovarian
cancer treatment, and cw-Pt is an effective second line agent
(46). In multiple myeloma, patients relapsing or resistant to
melphalan have responded to cyclophosphamide (47, 48). In
addition, the cell line is stable, as is clinical resistance.

Considering the heterogeneity already described in different
cell lines (Table 1) and the variety of mechanisms discussed
above, it is clear that there are many "mullid rug-resistant
phenotypes" to alkylating agents. As these mechanisms are

elucidated, it should be possible to biochemically profile a
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relapsed tumor to select appropriate alkylating agent therapy
(e.g., by measuring metallothionein, specific glutathione Irans-
ferase isoenzymes, glutathione levels). This should also allow
specific pharmacological antagonists to be developed.
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