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Abstract Although collateral sensitivity to gamma
radiation has previously been described in multidrug-
resistant tumor cell lines, we describe here a multidrug-
resistant human T-cell acute lymphatic leukemia cell
line, L0, which displayed increased sensitivity to both
gamma radiation and cis-platinum. Cis-platinum
cytotoxicity of parental Ly cells and Ligo cells was
enhanced, whereas radiation sensitivity of Ly and
Ligo cells was unaltered by glutathione depletion.
These results indicate that disparate mechanisms are
operative in the collateral sensitivity of Lqo cells to
gamma radiation and cis-platinum.
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Introduction

It has been noted that chemotherapy resistance is often
multifactorial and that natural product drug resistance
may relate to altered DNA repair, altered glutathione
levels and activity of its dependent enzymes and/
or altered cytoplasmic drug distribution in addition
to overexpression of P-glycoprotein [1, 8,10,15].
Biochemical alterations within a drug-resistant cell
population may produce collateral sensitivity to
drugs, the mechanisms of action of which relate to the
interruption of biochemical pathways which have been
perturbed in the generation of primary resistance.
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Such alterations may also alter the response of cells to
radiation [13]. On the other hand, it has recently been
observed that certain fractionated X-irradiated cell
lines overexpress P-glycoprotein and display the multi-
drug-resistant (MDR) phenotype [14, 20].

There have been infrequent attempts to take thera-
peutic advantage of anticipated mechanisms of emerg-
ing drug resistance. Wallerstein et al. reported that
L1210 leukemia cells in host mice sequentially treated
with methotrexate (MTX) and 6-mercaptopurine (6-
MP) can be selected to MTX sensitivity by the addition
of folic acid to 6-MP and selected to 6-MP sensitivity
by the addition of hypoxanthine to MTX. These alter-
ations in sensitivity are related to proportionate alter-
ations in dihydrofolate reductase and hypoxanthine-
guanine phosphoribosyl transferase [28]. More re-
cently, it has been shown that doxorubicin/verapamil-
selected MDR sublines of human myeloma, RPMI
8226, are collaterally sensitive to nitrosoureas. This
sensitivity is due to the loss of gene expression for
the DNA repair enzyme, 0°-methylguanine DNA
methyltransferase [9]. Although the understanding
of collateral sensitivity in chemotherapeutics is
slowly developing, the relationship of the interactions
between chemotherapy and radiotherapy responsive-
ness is poorly understood. We report here an example
of collateral gamma-irradiation and cis-platinum
(CDDP) sensitivity in an MDR human acute leukemia
subline.

Materials and methods

Drug sources

Biorad protein determination solution was obtained from Biorad
(Richmond, Calif.). DL-Buthionine-(S, R)-sulfoximine (BSO), re-
duced glutathione (GSH), hydrogen peroxide, NADPH, 1-chloro-
2,4-dinitrobenzene (CDNB), 5,5'-dithio-bis-nitrobenzoic  acid
(DTNB) and glutathione reductase were purchased from Sigma
Chemical Co.(St. Louis, Mo.).



Cell line

Human acute lymphatic leukemia (ALL) GM3639 (Human Genetic
Cell Repository, Camden, N.J) was selected for resistance by
continuous exposure to increased concentrations of vincristine
(VCR) as previously described. The VCR-resistant subline,
designated L, (because of the ability to grow in 100 nM VCR),
compared to parental cells (designated L;) overexpresses P-
glycoprotein and displays cross-resistance to daunorubicin and to
VP-16 [16, 24].

Chemosensitivity

The MTT assay is based on the principle that living cells have the
ability to convert a soluble tetrazolium salt (3-(4,5 dimethylthiazol-
2-y1)-2,5-dipheny! tetrazolium bromide, MTT) to an insoluble for-
mazan precipitate [5]. Cells to be tested were harvested and counted
by trypan blue exclusion. Suspensions of L, and L, , cells at
concentrations of 9.9 x 10° cells/m] and 6.6 x 10% cells/ml, respective-
ly, were prepared and aliquots of 150 pl (L, 1500 cells/well,
L,o0 10,000 cells/well) were placed in individual wells in quadrupli-
cate on 96-well microtiter plates (Falcon Plastics). These cell seeding
conditions were determined in preliminary experiments which
showed differences in doubling time of L, cells and L, cells
(45.6 + 8.2 h and 62.5 + 11.3 h, respectively), and insured log-phase
growth and the generation of sufficient absorbance readings in
control wells at the time of harvest. After a 2-h incubation period at
37°C in an atmosphere containing 5% CO,, 10 ul of the drug to be
tested was added. The plates were then incubated at 37°C in an
atmospheric containing 5% CO, for 5 days. After this drug-expo-
sure period, MTT (20 pl, 5 mg/ml) was added to each well. Plates
were incubated for 4 h, after which the medium was removed and the
resultant formazan crystals solubilized with dimethyl sulfoxide. The
optical density {OD) of the solution was then measured at 540 nm
using a multiscan spectrophotometer. The surviving fraction was
calculated using the formula: mean of test sample/mean of untreated
sample {control). Sensitivity to treatment is expressed as the IC,,,
the concentration required for 50% inactivation.

Radiosensitivity

Radiation response was determined using the MTT assay, which has
previously been successfully used for this purpose [6, 12,22].
All irradiations were performed using a Cs-137 source at the
dose rate of 211 ¢cGy/min. For each radiation dose, quadruplicate
wells were used. Suspensions of L, and L, o, cells at concentrations
of 9.9x10° cellsyml and 6.6x 10* cells/ml, respectively, were
prepared and aliquots of 150 ul were placed in individual wells.
After a S5-day incubation period at 37°C in an atmosphere
containing 5% CO,, the MTT assay as described above was
performed. The data obtained using this assay do not reflect the
absolute radiation sensitivity of cells as determined by clonogenic
assay [5], but do reflect the relative radiation responses of the
cell lines tested as long as the assays are done under identical
experimental conditions.

Measurement of glutathione levels

GSH levels were measured using the method of Tietze [26] with
modifications, as follows. Cells (5x 10%) were washed once with
ice-cold Hanks’ balanced salt solution, and an aliquot was taken for
determination of protein content. The cell pellet was extracted in
1 M perchloric acid for 1 h and subsequently neutralized with KOH.
A 100-pl aliquot of the supernatant was added to a semimicrocuvet
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containing 0.9 ml 0.2 M potassium phosphate, 1 mM EDTA buffer
at pH 7.0, 50yl of 1.5mg/ml DTNB, 40 1l of 40 U/ml GSSG
reductase and 50 ul of 4 mg/ml NADPH. The reaction rate was
measured at 412 nm with a DU-64 Beckman spectrophotometer.
GSH concentrations were calculated from a curve generated by
known GSH concentrations each time. Protein contents were deter-
mined using the method of Bradford [4].

Measurement of glutathione-S-transferase activity

Glutathione-S-transferase (GST) activity was measured by the
thioether formation method of Habig et al. [11], as follows. Cells
(3—5 % 10%) were washed and resuspended in 0.1 M potassium phos-
phate buffer, pH 6.5. The suspension was sonicated for 3 min on ice,
then spun in a microcentrifuge for 3 min. A sample of the super-
natant was added to a cuvette containing 1 mM CDNB and 1 mM
GSH. The change in OD at 340 nm was measured at 25°C, recorded
with a DU-64 Beckman Spectrophotometer and the GST activity
was calcolated using the expression E = 9.6/mM per cm. Protein
was measured in a separate aliquot using the method of Bradford
method [4].

Glutathione depletion studies

Depletion of GSH was achieved in L, and L, cells by incubation
at a density of 5x 10° cells/ml in 10 uM BSO for 24 h. Samples
were assayed for GSH at 0, 2, 4, 6, 8, 12 and 24 h postincubation.
Samples of control untreated cells were also collected at these
intervals, since GSH levels are known to fluctuate according to the
length of culture. For BSO depletion experiments on CDDP and
radiation sensitivity, cells were incubated for 24 h before exposure to
CDDP or radiation. All in vitro sensitivity assays were performed
three or more times.

Results

Figure 1 compares the cytotoxic effect of gamma ir-
radiation (A) and CDDP (B) between parental drug
sensitive Lo and MDR Lo GM3639 cells. The
responses of these cells to irradiation and CDDP in
terms of 1Cso values are shown in Table 1 along
with data for the responses to VCR, daunorubicin,
and VP-16. The results show statistically significant
differences between the 1Csq values for the parental and
the MDR subline, which confirm the MDR phenotype
of the Ljgq cells, and also show collateral sensitivity
of these cells to gamma irradiation and CDDP. The
difference between the GSH contents of L and
Lo cells (6.07+005 vs 12.75 4+ 1.71 nM/mg) ap-
proached statistical significance (Table 2). Lo, cells
had significantly greater GST activity than L, cells
(25243 +16.20 vs 12523 +6.72 nM/min per mg;
Table 2.)

Figure 2 shows the GSH depletion by BSO in drug-
sensitive L, cells and resistant Ly, cells over 24 h.
Depletion of GSH by BSO resuited in a significant,
approximately 50%, reduction in CDDP cytotoxic
1Cs, values on both L, and L, cells but was without
effect on gamma radiation sensitivity (Table 3).
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Table 1 Chemotherapy/radiotherapy IC, values

L, Liso P-value
VCR (nM) 34 + 063 540 =+ 10 < 0.001
Daunorubicin (nM) 26 + 7.8 86 +10 < 0.01
VP-16 (nM) 175 +19 465 +47 < 0.001
CDDP (uM} .13+ 008 0334+ 004 <001
Radiation (cGy) 260 £+40 120 +10 < 0.001
Table 2 GSH and GST levels in L, and L cells
N GSH (nM/mg + SE) GST (nM/min/mg + SE}
L, 3 1275+ 1.71 12523 + 6.72
Ligod 6.07 +0.05 25243 +16.20

P =0056 = 0.001
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Fig. 2 Comparison of BSO depletion of GSH content L, and L, o
cells

Table 3 Effect of Buthionine sulfoximine on CDDP and radiation
IC,, values

BSO (uM) CDDP (uM) Radiation (cGy)
LO LIOO LO LlOO
0 124 +0.14 040 + 0.09 260 £ 40 120410
5 0.82 £ 0.16* 026 +£0.02* — —
10 0.69 +0.10* 0.22 +£0.04* 260 +£40 140420

*P < 0.05 compared with non-BSO-treated

Discussion

In order to develop more effective multimodality ther-
apy for the treatment of malignancies, it is important
to understand chemotherapeutic and radiotherapeutic
interactions in tumor cells. The relationship between
radiation and MDR is unclear [3,17,23]. It has
recently been noted that in vitro fractionated X-
irradiated Chinese hamster ovary cells and in vivo
fractionated X-rradiated human lung cancer xeno-
grafts overexpress P-glycoprotein and display resistance
to natural product chemotherapeutic drugs [14, 20]. It
has also been noted that a MDR subline of T-cell
human ALL, CEM/VEL,,,, displays cross-resistance
to irradiation. However, a drug-sensitive revertant of
CEM/VEL,,, shows persistence of radiation resist-
ance, indicating that diminished radiation sensitivity,
although associated with MDR, is not directly related
to it [23]. The development of collateral sensitivity to
radiation by transfection of the MDR1 gene to 3T3 cells
has recently been reported [21].

Although collateral sensitivity of drug-resistant tu-
mor cells to other classes of drugs is well known, there
has been limited description of collateral sensitivity
between irradiated tumor cells and chemotherapeutic
drugs. The best-described interactions in this area seem
to relate to CDDP, sensitivity to which can either be



enhanced or diminished by prior irradiation [13]. To
our knowledge, there has been only one prior report of
an MDR tumor subline with collateral sensitivity to
radiotherapy [3], and we now report an example of an
MDR tumor subline with collateral sensitivity to both
radiotherapy and CDDP. Our results indicate that the
mechanisms of these collateral sensitivities appear to be
independent.

We originally developed a MDR subline of human
T-cell ALL, GM3639, by continuous exposure to ini-
tially sublethal and then progressively increasing con-
centrations of VCR. This ALL subline overexpresses
P-glycoprotein and displays the MDR phenotype
[16, 24]. Our current data indicate that this leukemia
subline has a multifactorial form of resistance relative
to its alteration of GSH and GST. MDR L, cells
show two- and threefold increased sensitivity to ir-
radiation and CDDP, respectively. The mechanism of
this collateral sensitivity is unclear. It has recently been
noted that taxol and estramustine enhance radiation
sensitivity of human astrocytoma and glioblastoma
cells, respectively. This effect relates to cell cycle-speci-
fic sensitization rather than MDR since these agents
increase the time spent in G,M of the cell cycle
[18,27,29]. We have previously noted that the log
growth phase distribution of L, and L4, cells is
Gy + Gy 43% vs 53%, S 39% vs 29% and G, + M
18% vs 18%, respectively [25]. L0 cells have a slight-
ly reduced S phase, a phase which is associated with
radiation resistance. This reduction does not account
for the differential in radiation sensitivity that we have
observed and other, as yet unknown, mechanisms must
be operative.

It has previously been observed that intracellular
depletion of GSH and enhanced activity of GST coexist
in certain MDR tumor sublines [2, 7, 19]. Cole et al.
[7] described an MDR subline, H69AR, of human
small-cell lung cancer selected by doxorubicin which
failed to overexpress P-glycoprotein but which showed
cross-resistance to a variety of natural product drugs.
GSH levels of H69AR cells were one-sixth and GST
activity tenfold that of parental cells. These cells
showed marked collateral sensitivity to BSO, the in-
hibitor of GSH biosynthesis, which may be related to
their diminished GSH content [7]. L4 cells had dim-
inished GSH content and significantly elevated activity
of GST compared to parental leukemia cells. BSO
diminished GSH in a dose-related fashion non-selec-
tively in both L, and L, cells. This depletion of GSH
correlated with enhanced sensitivity of both parental
and MDR cells to CDDP but not to radiation, sugges-
ting that L, cells are collaterally sensitive to CDDP
because of their lower GSH content, although we have
not excluded possible additional contributing mecha-
nisms such as alterations in DNA repair. Failure of
alteration of radiation sensitivity by GSH depletion in
aerobic L, and Ly, cells is not surprising in view of
their already relatively low GSH content and the presence
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of oxygen which will over-compete with the thiol for
radiation-induced free-radical damage on DNA.
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