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Fig. 6. Histogram of mrp mRNA levels in DOX-selected mutants. MES-SA cells were
used as controls. Values are expressed (bars, SD) relative to MES-SA cells at 100%. The
results rep three independent experiments. rRNA was used as the control gene to
normalize expression as described in “Materials and Methods.”

MES-SA cells; the cellular GSH content of 7 DOX-resistant clones
ranged from 91-140%, compared to MES-SA cells normalized to
100% (data not shown).

p110 Expression. p110 expression was assessed by immunocy-
tochemistry using the LRP-56 monoclonal antibody. The parental,
drug-sensitive MES-SA cells stained positively for p110 (+), with
occasional cells in the population moderately positive (2+). Of inter-
est, the highly MDR variant Dx5 did not have detectable staining with
LRP-56. Clones from 12 of the DOX-selected populations were
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Fig. 7. Analysis of mrp mRNA and rRNA ex-
pression in DOX-selected mutants using RT-PCR.
MES-SA cells were used as controls.
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stained with LRP-56. From a total of 16 such clones, 4 were negative
for p110 (similar to Dx5 cells), and 12 had a similar degree of LRP-56
staining to parental MES-SA cells.

DISCUSSION

Resistance to anticancer drugs represents a major impediment to the
favorable outcome of chemotherapy and has previously been hypoth-
esized to arise from the selection and clonal expansion of spontane-
ously mutated cells (1-3). The principal genetic changes leading to
drug resistance are gene mutations and gene amplifications, leading to
alterations in the expression or structure of proteins which determine
cellular responses to cytotoxins (3-5, 31).

In the case of DOX, the major known mechanisms of resistance
include the MDR phenotype related to the mdrl gene, a similar
phenotype related to high expression of the mrp gene, and alterations
in Topo II activity and/or levels (5-16). In the present investigation,
we used fluctuation analysis to study the origin and nature of resist-
ance to DOX. This experiment was designed to examine the potential
diversity of the resistance mechanism which may arise among many
parallel cell populations in a single-step exposure to DOX. We chose
to use the MES-SA sarcoma cell line since it is pseudodiploid (45XX),
without much karyotypic heterogeneity, and has been phenotypically
relatively stable over 14 years of cultivation (7, 20). Reanalysis of the
ploidy of the parental MES-SA cells and single-step mutants from this
experiment was performed and confirmed that they were pseudodip-
loid and unchanged after the drug selection step (data not shown).

Table 1 demonstrates a significant fluctuation in the number of
resistant MES-SA clones arising among the 13 separate cell popula-
tions after 2 weeks of exposure to 40 nMm DOX. The variance in
number of surviving colonies/plate was over 40-fold greater than the
mean. If resistance was acquired by epigenetic mechanisms, the
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Fig. 9. P-glycoprotein expression in DOX-selected mutants assessed by UIC2 staining
and flow cytometry. MES-SA and Dx5 cells were used as negative and positive controls,
respectively. The columns depict expression of P-gp as a percentage of the mean
fluorescence in Dx5 cells. One of three independent experiments is shown.

number of surviving colonies would be expected to have a Poisson
distribution, with the variance equal to the mean (1-3, 32).

In theory, the number of resistant colonies that arise, after expan-
sion of the parallel cultures, depends on the rate of mutation, the time
of appearance of the variant cell, and the reproductive capacity of the
variant cell (32). If a preexisting variant was present in the initial 2000
cells in our cultures with a generation time similar to parental
MES-SA cells, its contribution to the number of colonies scored after
11 generations of growth would be 2048 progeny. The highest number
of colonies in any of our populations was only 123, and the plating
efficiency of MES-SA cells is approximately 85%, implying that the
event which enabled cell survival occurred after a minimum of 6
generations of growth. Our study, therefore, supports the hypothesis
that resistance to DOX arises from a spontaneous event. Furthermore,
the selection of preexisting DOX-resistant variants can be ruled out,
since in a control experiment, the probability of resistant clones in the
seeded parental MES-SA cells was shown to be very low (not detected
in 1,248 populations of 2000 cells/well (see “Materials and Meth-
ods”). This result is consistent with the observed spontaneous muta-
tion rate for DOX resistance of 1.8 X 107° for these cells.

Under the conditions of drug exposure in our experiment resulting
in 5 to 6 logs of cell killing, direct induction of mdr1 expression was
not demonstrated, based on the analysis of variance presented in Table
1 (1, 2, 21). Although induction of P-gp by DOX has been described

in some MDR cell lines (33-35), others have failed to induce mdrl
gene expression, even at DOX concentrations as high as 1 ug/ml
(1700 nM; Ref. 34). It is possible that lower stringencies of DOX
exposure could lead to induction of mdr1 expression, and experiments
are currently ongoing to examine this possibility.

The estimated rate of mutation conferring resistance to 40 nm DOX
in MES-SA cells was 1.8 X 107° per cell generation. This is relatively
high compared to the rate of point mutations described for mammalian
cells (1077 to 1078 per cell generation) but lower than that described
for some gene amplifications, 1 to 7 X 107> per cell generation
(36-39). We have previously reported a pilot experiment of fluctua-
tion analysis with DOX selection in this sarcoma cell line, which
resulted in an almost identical mutation rate (1.6 X 107° per cell
generation) to that found here, as well as a predominance of mdrl
mutants (40).

Our experimental design and results imply that the surviving clones
represent descendants from a single mutational event in each popu-
lation. The propagation of more than one clone from several of the
populations allowed us to observe the evolution of these mutants.
Thus, we were able to determine that 19 of 30 clones maintained a
stable resistance phenotype for over 2 months, whereas 11 clones
reverted significantly, including 5 clones (3B-F4, 4B-B9, 10B-CS,
12-GS, and 13B-F5) which completely reverted to drug sensitivity.
All clones tested were initially cross-resistant to the MDR-related
drugs DOX, VBL, VP-16, and Taxol. However, there was some
variability in the pattern of resistance, which may reflect altered forms
or posttranslational regulation of P-gp in these cells. Alternatively, the
slight variations in drug sensitivity phenotype among these clones
may be due to slight differences in expression of other genes, reflect-
ing some basal heterogeneity of the parental cell line.

Analysis by RT-PCR revealed that all 30 clones tested presented
significant levels of mdrl transcript as analyzed by RT-PCR. Al-
though the mdrl gene is the best characterized mechanism of pleio-
tropic drug resistance, other mechanisms have also been identified.
Decreased expression or altered structure of Topo II has been found in
many models of resistance to epipodophyllotoxins, mitoxantrone, and
anthracyclines such as DOX (11-14). A membrane ATPase of M,
190,000 distinct from P-gp has been termed the multidrug resistance-
associated protein (MRP) by Cole et al. (15), and the mrp gene has
been cloned and sequenced in a DOX-selected lung cancer cell line.
However, at our stringent level of drug exposure (5-6 log cell killing),
overexpression of the mrp gene was not implicated (15-16). No
significant changes in Topo Il and IIB expression in these single-step
mutants were found. Interestingly, we observed that several clones
showed a decrease in both isoforms to Topo II after further selection

Fig. 10. Flow cytometric analysis of Rh-123 retention and
P-gp expression in MES-SA and Dx5 cells and 13 DOX-
selected mutants. Contour intensity maps (5% probability plots)
of the cells were obtained by two-color flow cytometry using
Rh-123 (X-axis) and either the UIC2 monoclonal antibody
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(Y-axis) or an IgG2a isotype control (control not shown). The
accumulation of Rh-123 in the absence (upper panels) or
presence of 2 um PSC (lower panels) were analyzed. Al and
A2, MES-SA cells; BI and B2, DxS5 cells; C! and C2, clone
1B-C11; DI and D2, clone 8B-G1. One of three separate
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of some clones with 40 nM DOX, but these decreases reverted to
parental levels after additional cell passages.

In contrast to these results with DOX, we have recently shown that,
under similar experimental conditions, MES-SA cell clones selected
with VP-16 did not overexpress mdrl mRNA (41). The majority of
the VP-16-selected clones manifested alterations in Topo II expres-
sion. It is not clear why selection with DOX strongly favored mdrl
mutants and selection with VP-16 in the same parental cell line
resulted in a predominance of Topo II mutants. The occurrence of
these mutations is a stochastic event, and both of the above mecha-
nisms can confer resistance to both drugs.

GSH is the major constituent of the intracellular, nonprotein sulf-
hydryl pool and is involved in the protection of cells from alkylating
agents. However, its role in resistance to anthracyclines is unclear
(17-18). Among our mutants, the cellular GSH level was not altered
significantly in the clones which survived 40 nm DOX selection.

Scheper et al. (19) have found a M, 110,000 vesicular protein
(p110) differentially expressed in several cell lines cross-resistant to
MDR-related agents. The parental cell line MES-SA has readily
detectable, although weakly positive expression of p110 as shown by
immunocytochemical staining with the LRP-56 antibody. No signif-
icant elevation of p110 expression in the mutants was observed by
comparison with the degree of staining of MES-SA cells and sub-
clones of MES-SA cells, which were isolated by limiting dilution
rather than drug exposure. Whether the slight variations in p110
expression observed among these various clones could account for
subtle differences in drug resistance phenotype could not be deter-
mined from our data, but major differences in p110 expression were
not observed.

Hence, the MDR phenotype in these mutants appears to be deter-
mined by an activation of the mdrl gene encoding P-gp. In order to
study the functional activity of the P-gp expressed in the MES-SA
clones, experiments were performed to evaluate Rh-123 accumulation
with and without double labeling with the UIC2 monoclonal antibody.
The fluorescent dye Rh-123 is a substrate for P-gp and is actively
effluxed in MDR cell lines (42-45). Most of our DOX-resistant
clones manifested a marked decrease in Rh-123 retention compared to
the parental cell line MES-SA. PSC and VER are competitive inhib-
itors of P-gp function and were used to demonstrate modulation of
Rh-123 accumulation and VBL resistance in the MDR clones (46—
50). Most clones showed increased Rh-123 accumulation to sensitive
cell levels when treated with 2 um PSC. A few clones showed only
partial modulation of Rh-123 accumulation by PSC. Nonetheless,
VBL resistance could be completely reversed by 2 uM PSC and 6 uM
VER in all tested clones, including those which were relatively
resistant to modulation of Rh-123 accumulation.

In conclusion, these data demonstrate that resistance to DOX in the
human sarcoma cell line MES-SA is not induced but arises sponta-
neously with an apparent mutation rate of 1.8 X 1075 per cell
generation. DOX exposure selected solely for mdrl-expressing vari-
ants. It is likely that these arose from a single event, leading to an
activation of expression of the mdrl gene. The nature of this activa-
tion is currently being investigated.
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