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Abstract Purpose: To determine whether the difference
in the apoptosis and clonogenic survival responses to
radiation observed between the murine lymphoma cell
lines LY-ar, which expresses bcl-2, and LY-as, which
does not, was also evident after treatment with chemo-
therapy agents; and to determine whether clonogenic
survival after chemotherapy agent exposure could be
diminished by enhancing apoptosis through a decrease
in cellular thiols. Methods: Cells were treated with
cisplatin, VP-16, or Adriamycin, and apoptosis was de-
termined using a DNA fragmentation assay. Cellular
survival was quantified by limiting dilution assay. In-
tracellular thiols were decreased by maintaining LY-ar
cells in cystine/methionine-free medium (CMF medium)
for 7 h after drug treatment. Results: LY-as cells were
approximately four times more likely to undergo apop-
tosis than LY-ar cells, having differences in apoptosis of
80% and 20%, respectively, for the agents used. LY-as
cells were also more sensitive as measured by cellular
survival, with a dose-modifying factor of about 1.8
measured at a 10% survival level. Incubation of LY-ar
cells in CMF medium after drug treatment increased
apoptosis and reduced clonogenic survival to the levels
seen in LY-as cells, except after treatment with VP-16,
where the reduction in cell survival was more modest.
Conclusions: Decreasing intracellular thiols enhances
apoptosis and cell killing in lymphoma cells after expo-
sure to a variety of chemotherapy agents. This may be
especially true for tumor cells that overexpress bcl-2, a
gene that modifies cellular thiol status and conveys re-
sistance to apoptosis. In this case, decreasing cellular
thiols allows killing independent of the expression of
bel-2.
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Introduction

Chemotherapy agents are known to induce apoptosis in
tumor cells and the protein products of certain specific
genes correlate with the extent of apoptosis. One such
protein is bcl-2. Cell lines derived from tumors that ex-
press more bcl-2 protein are often more resistant to
chemotherapy agents than cell lines of the same tumor
type that do not express bcl-2 [6, 21]. In contrast, cell
lines in which bax, a bcl-2 protein family member, is
upregulated, are likely to undergo more apoptosis and
be relatively more sensitive than those that do not [16,
21]. Transfection of these genes and the use of antisense
message to downregulate their expression has produced
corresponding results [8, 32, 33]. Clinical correlations
between expression of bcl-2, bax, or bcl-X with chemo-
therapeutic resistance or sensitivity have predicted
treatment outcome in some cases [13, 15] but not in
others [4, 5, 7, 11].

In our own studies, we have described a mouse B cell
lymphoma cell system composed of two cell lines that
differ in the regulation of bcl-2 and glutathione [18]. The
bel-2-expressing LY-ar cells, which were derived from
the non-bcl-2-expressing, radiosensitive, apoptotically
permissive LY-as cell line, have gained resistance to
ionizing radiation and have lost the propensity to un-
dergo apoptosis [27]. In addition, by maintaining LY-ar
cells in cystine/methionine-free medium (CMF medium)
after irradiation, we have shown previously that apop-
tosis and radiosensitivity increase to levels similar to
those in LY-as cells despite the fact that bcl-2 levels
remain constant [18].

The prevailing lesion produced by ionizing radiation
is the DNA strand break, and the unrejoined double
strand break (DSB) is considered the predominant lethal
lesion [3, 23]. For LY-as cells, DNA DSBs are far more
effective in initiating the apoptotic cascade than single



strand breaks (SSBs) [27]. We were therefore interested
to know: whether other agents that cause DNA damage
would also initiate apoptosis; whether these two cell
lines would still exhibit the same differences in apoptosis
and, if so, whether they also differ in clonogenic sensi-
tivity; and finally, whether apoptosis and clonogenic
survival could be modulated in LY-ar cells by CMF
medium in such a way as to sensitize them regardless of
the overexpression of bcl-2. cisplatin (CP), etoposide
(VP-16), and Adriamycin (ADR) were selected for this
study because of the different types of DNA damage
that they produce. CP produces predominantly DNA
intra- and interstrand crosslinks, with strand scission
due to repair via endonuclease digestion that occurs later
[20, 28]. VP-16 is competitive inhibitor of topoisomerase
I1, which is involved in the breakage and resealing of
duplex DNA during recombination and DNA replica-
tion, and, by competing for topoisomerase II, produces
DNA DSBs [29]. ADR, an antibiotic, acts via the pro-
duction of an ADR free radical which causes DNA
strand breaks upon interaction with DNA [2]. LY-ar
and LY-as cells were treated with various concentrations
of these anticancer drugs followed by incubation in the
presence or absence of CMF medium. Apoptosis and
clonogenic cell survival were assessed.

Materials and methods

Cell culture

The murine lymphoma cell lines LY-ar and LY-as were maintained
in RPMI medium (GIBCO) supplemented with 10% fetal bovine
serum (Sigma), 2 mM glutamine, penicillin, and streptomycin.
Under these conditions at 37 °C in a 95% air/5% CO, atmosphere,
both cell lines doubled approximately every 12 h.

Drug exposure

CP, VP-16, and ADR were dissolved and/or diluted in complete
medium at appropriate concentrations. Cells (10®) were incubated
in medium with various concentrations of CP, VP-16, or ADR for
1 hat 37 °C. After drug treatment, the cells were pelleted out of the
medium by centrifugation at 1000 g for 4 min and then placed into
complete medium or CMF medium and held at 37 °C for the ap-
propriate time. Post-treatment incubation times were chosen from
a previous assessment of the maximum apoptotic response under
these conditions [18].

DNA fragmentation

A DNA fragmentation assay, as described previously [26, 27], was
used to quantify apoptosis. This method is a modification of that of
Sellins and Cohen [24] and is dependent upon the solubility of small
DNA fragments in solutions of low salt concentration. Before be-
ing used experimentally, cells were radiolabeled with '*C-TdR at a
final concentration of 1.11 kBq/ml over a 24-h period (two cell
cycles). DNA fragmentation was defined as radioactive signal
found in the supernatant fraction vs. the total radioactive signal of
both supernatant and precipitable fractions from cell lysates. A
previous study of apoptosis showed that for these cells apoptosis
measured by DNA fragmentation is equivalent to that seen by
morphological analysis [26].
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Cellular survival

Survival of LY-ar and LY-as cells after drug treatment was mea-
sured using a modified serial dilution assay designed to estimate the
50% endpoint between live and dead cells [9]. Live cells were
identified by positive staining for 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT). After a 1-h exposure to
various concentrations of drug, the cells were pelleted by centrif-
ugation, the medium removed, and the cells washed once with PBS
and placed in either complete medium or CMF medium. They were
then diluted appropriately into the wells of a 96-well plate, where
they remained for another 7 h. Then an equal volume of either
regular medium or medium containing twice the normal concen-
tration of cystine and methionine (for cells that had been main-
tained in CMF medium) was added to each well. The 96-well plates
were left undisturbed for 5 days in an incubator at 37 °C. A 20-ul
volume of a 500 uM stock solution of MTT was then added to each
well of the 96-well plate, and the plates were returned to the 37 °C
incubator for an overnight incubation. The next day, wells that
showed positive MTT staining were scored against those that did
not in order to calculate cellular survival according to an adapta-
tion of the method of Reed and Muench [19, 22].

Results

Chemosensitivity of the murine lymphoma cell lines to
these three anticancer drugs was initially assessed on the
basis of apoptosis induction. LY -ar and LY-as cells were
exposed to CP, VP-16, and ADR for 1 h in regular
growth medium. Apoptosis was assessed 3 h later using
the DNA fragmentation assay. For all three agents,
substantial differences in apoptosis were noted between
LY-as and LY-ar cells, reaching as high as 80% and
20%, respectively, a 4 to 1 ratio (Fig. 1). Interestingly,
increasing concentrations of VP-16 and ADR actually
diminished apoptosis in both cell lines, particularly
ADR which is very likely to be toxic at these higher
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Fig. 1 Apoptosis in LY-as and LY-ar cells after exposure to CP,
VP-16, and ADR. Drug exposure was for 1h, and DNA
fragmentation was determined 3 h after the removal of the drug.
Error bars represent standard deviations from three independent
experiments
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concentrations. Others have described this effect as a
poisoning of the apoptotic cascade by high drug or
radiation doses [17].

We next tested a strategy for sensitizing the LY-ar
cells by decreasing cellular thiols, which we had previ-
ously shown to be effective for irradiated cells. Modu-
lation of the apoptotic potential of LY-ar cells after
exposure to the same chemotherapy agents is shown in
Fig. 2. Maintaining the cells in CMF medium for a 7-h
period after drug removal markedly increased the extent
of apoptosis. The extent of apoptosis was still dependent
on drug concentration, as it was in the experiments
shown in Fig. 1. Differences in apoptosis as a result of
incubation in CMF medium were approximately 10-fold
for CP, 3.5-fold for VP16, and 8-fold for ADR.

For these two cell lines, differences in apoptosis after
irradiation were shown to be reflected in cellular survival
differences [27], and this was also true after exposure to
CP, VP-16, and ADR. In Fig. 3, clonogenic survival
after drug exposure is shown for both cell lines. As has
been shown for radiation [27], LY-as cells were more
sensitive to the effects of drug exposure. At a survival
level of 10%, the dose-modifying factors (DMF) for
these agents were 1.83, 1.80, and 1.80 for CP, VP-16, and
ADR, respectively, and compared well with the DMF of
2.40 for radiation [27].

The modulation of apoptotic potential by CMF me-
dium was also reflected in cell survival as depicted by
survival curve analysis. As seen in Fig. 3, in each case
survival of LY -ar cells was diminished by CMF medium.
For CP and ADR the survival of LY-ar cells in CMF
medium was nearly identical to that of LY-as cells. For
VP-16 the change in survival was less dramatic.
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Fig. 2 Apoptosis in LY-ar cells after a 1-h exposure to CP, VP-16,
or ADR followed by incubation in either regular culture medium or
CMF medium for 7 h. Error bars are calculated as standard
deviations from three independent experiments
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Fig. 3 Clonogenic survival, as measured by limiting dilution assay,
of LY-ar (A) and LY-as (O) cells after exposure to CP, VP-16, or
ADR. Drug exposure was for 1 h, after which the drug was
removed and the cells maintained in regular medium. Modulation
of cellular survival of LY-ar cells following alteration in redox
status by their maintenance in CMF medium for 7 h after a 1 h
exposure to CP, VP-16 or ADR is also shown (). Error bars
represent standard deviations from two independent experiments,
each with replicate points



Discussion

Apoptosis is a major mode of cell death in the response
of tumor cells to cytotoxic cancer therapies. Loss of
apoptotic potential, usually by the unregulated expres-
sion of particular genes such as bcl-2 or the loss of
function of particular genes such as p53 or bax, has been
linked to the chemoresistance of some tumor cell lines or
the in poor treatment outcomes seen in some cancer
patients. Because of this, determining the apoptotic re-
sponse of tumors may provide insight into treatment
efficacy or might be used to support alternative treat-
ment strategies designed to circumvent the chemoresis-
tance that is associated with the loss of apoptotic
propensity.

DNA fragmentation is often used as a reliable marker
for measuring apoptosis. However, inhibition of the
DNA fragmentation associated with apoptosis does not
necessarily lead to altered clonogenic survival [30].
Therefore, it was important for these studies to measure
clonogenic survival to validate the notion that altera-
tions in apoptosis would alter tumor cell chemosensi-
tivity. In this study we examined the link between
apoptotic propensity and chemosensitivity of two relat-
ed mouse B cell lymphoma cell lines. The LY -ar cell line,
which overexpresses bcl-2 protein and contains twice the
content of reduced glutathione as LY-as cells, has been
previously shown to be more resistant to radiation-in-
duced apoptosis and more radioresistant [18, 27]. We
subsequently showed that the apoptotic resistance can
be modulated by CMF medium and that this enhances
the radiosensitivity of these cells [18].

In the present study, we showed that these rela-
tionships extend to CP, VP-16, and ADR. However, the
extent to which apoptotic death can affect clonogenic
survival is likely dependent upon the drug used and the
cell type. For example, after VP-16 exposure apoptosis
increased dramatically in LY-ar cells that were incu-
bated in CMF medium, yet clonogenic survival was
altered only modestly. However, what may be more
important is the type of cell being challenged by these
chemotherapy agents. All three of these agents make
strand breaks, albeit through different mechanisms.
Both LY-ar and LY-as cells are prepared to undergo
apoptosis in response to the appropriate stimulus. In
LY-ar cells that signal transduction pathway is blocked
and when that block is released, such as has occurred
here by thiol depletion, the response is the same as in
LY-as cells, that is, apoptosis. This means that re-
gardless of the stimulus, be it DNA crosslinking, radical
attack, or unrejoined DNA recombinational events, the
result is the initiation of the apoptotic signaling
cascade.

The mechanism by which bcl-2 inhibits apoptosis,
appears to be quite complex [25]. A role for bcl-2
functioning in an antioxidant pathway was hypothesized
several years ago [10, 12, 18], but until recently there has
been little additional insight. We have shown that one of
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the functions of bcl-2 involves its redistribution of GSH
into the nucleus via active transport, where it apparently
blocks apoptosis by inhibiting caspase activity [31].
Thus, incubation in CMF medium may reverse this
nuclear localization of GSH and thereby circumvent bcl-
2’s ability to block apoptosis. Whereas this requires
further experimental verification, strategies designed to
decrease cellular thiols would have to target nuclear
thiol levels specifically to accomplish this sensitization.
Nonetheless, such strategies may be ultimately useful in
overcoming drug resistance due to bcl-2 expression. It is
also important to point out that these strategies should
be distinguished from those targeted to drug-resistance
mechanisms whereby the drug activity is scavenged by
intracellular thiols or thiol-mediated detoxification
pathways [1, 14]. Here, the modification of thiols occurs
after drug delivery, not prior to drug treatment, and
we propose that this represents a previously unknown
sensitization mechanism involving suppression of a
thiol-mediated inhibition of apoptotic cell death.

In summary, the results of this investigation suggest
that, in cases where resistance to chemotherapy agent-
induced loss of clonogenic survival is associated with an
overexpression of bcl-2, decreasing cellular thiols can
alter clonogenic survival through a potentiation of ap-
optotic propensity. In a companion article we examine
apoptosis and tumor growth delay in tumors generated
in sygeneic mice using these cell lines for following
treatment with the chemotherapeutic agents CP, VP-16,
and ADR and with camptothecin, citarabine, and
cyclophosphamide.
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