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A variant, MS23, of murine thymoma W7 cells, pre-
viously selected for its resistance to low concentra-
tions of dexamethasone, is cross-resistant to unre-
lated drugs such as puromycin and colchicine. We
report here that transcription of the mouse mdrt
gene is activated and P-glycoprotein is expressed
in MS23 cells. Moreover, additional variants with
increased resistance to dexamethasone and other
drugs can be isolated from M$23 by stepwise selec-
tions in dexamethasone and colchicine. In one such
variant (S7CD-5), the mdr1 gene is amplified and the
mdr protein overexpressed. These variants have
classical mdr characteristics: they accumulate re-
duced concentrations of drugs (including dexameth-
asone), and both drug sensitivity and intracellular
accumulation can be restored by verapamil. The
variants are most resistant to glucocorticoids with
both 11- and 17-hydroxyl groups. The resuits indi-
cate that we have identified a new form of glucocor-
ticoid resistance, one associated with expression of
the mouse mdr1 P-glycoprotein. (Molecular Endocri-
nology 7: 840-851, 1993)

INTRODUCTION

Glucocorticoids induce programmed cell death or apop-
tosis of immature thymocytes (reviewed in Refs. 1, 2).
This phenomenon accounts, at least in part, for the
immunosuppressive action of these steroids and for
their use in combination chemotherapies of some types
of leukemias and lymphomas. There is evidence that
induction of apoptosis requires RNA and protein syn-
thesis and, therefore, involves steroid-regulated
changes in the expression of, as yet, unknown genes.
This process is mediated by the glucocorticoid receptor,
a member of a superfamily of receptors acting as hor-
mone-dependent transcription factors (reviewed by Ev-
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ans; 3). Since this receptor is intraceliular, the entry and
accumulation of hormone within the cell is obviously
required for receptor binding. Little is known about the
regulation of intracellular steroid levels. it has been
generally assumed that steroids enter cells by passive
diffusion through the plasma membrane by virtue of
their small size and lipophilic properties. However, any
process that can influence the intracellular accumulation
of steroids would directly affect receptor occupancy
and the magnitude of the hormonal response.

A variety of T-lymphoid cell lines, derived from lym-
phomas or leukemias, have been used to study apop-
tosis and the role of the glucocorticoid receptor in this
process (4-7). The sensitivity of these human or rodent
cell lines provides a powerful selection for glucocorti-
coid-resistant variants in vitro. We have used the glu-
cocorticoid-sensitive murine thymoma cell line WEHI-7
(W7) to demonstrate that resistance can result from
mutations affecting either the quality or the quantity of
receptor, and the role of cAMP in modulating glucocor-
ticoid receptor function (6, 8-10). in the course of our
investigations we isolated a collection of W7 variants
resistant to low concentrations (<10 nm) of dexameth-
asone (8). We demonstrated that most of these variants
expressed only half the amount of functional receptor
present in the parental line. However, one of the var-
iants resulting from that selection, MS23, had acquired
arare new form of dexamethasone resistance (11). The
glucocorticoid receptor appeared normal when assayed
in MS23 cell extracts, but binding to whole cells was
greatly reduced. We showed that this phenomenon was
due to a defect in dexamethasone accumulation inside
the MS23 celi. Since drug accumulation had been im-
plicated in multidrug resistance, we tested the sensitiv-
ity of this variant to other drugs and found that it had
acquired some resistance to unrelated drugs, puromy-
cin and colchicine in particular. The phenotype of the
MS23 variant was also unusual in that these cells had
remained fully sensitive to triamcinolone acetonide, a
synthetic glucocorticoid closely related to dexametha-
sone.

The classical form of multidrug resistance (mdr) in-
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volves unrelated lipophilic drugs, including some widely
used in chemotherapy. Typically, pleiotropic resistance
develops by selection for resistance to a single drug,
an indication that the same event can lead to resistance
to different drugs. Cell line mode! systems have been
successfully used to identify the basis for this phenom-
enon. Multidrug-resistant cells consistently express in
the plasma membrane increased amounts of P-glyco-
proteins, which have been extensively characterized
and shown to play a direct role in the mdr phenotype
(reviewed in Refs. 12-16). P-Glycoproteins cause en-
ergy-dependent efflux of a variety of hydrophobic
drugs, and their increased expression in mdr cells re-
sults in reduced intracellular accumuiation of the drugs
to sublethal levels. Genes encoding P-glycoproteins
have been cloned and characterized and constitute a
small gene family in mammals. The mouse has three
muitidrug resistance genes, mdr1, mdr2, and mdr3, but
only the mdr1 and mdr3 genes confer multidrug resist-
ance in transfection experiments (17-19). A number of
investigators have examined the possible role of mar
proteins in the transport of steroids. Several reports
demonstrate that steroids can bind to both the human
and mouse P-glycoproteins (20-22). There have been
conflicting reports as to whether steroids can be trans-
ported out of mdr cells overexpressing the efflux pro-
teins (21, 23-25). In this report, we present evidence
that the unique dexamethasone-resistant phenotype of
the MS23 variant and its derivatives is associated with
expression of the mdr1 P-glycoprotein. We also exam-
ine the structural basis for the differential resistance of
these variants to specific steroids.

RESULTS
Isolation of Dexamethasone-Resistant Variants

The original characterization of the MS23 variant re-
vealed that it was resistant not only to dexamethasone
but also to a variety of unrelated drugs such as puro-
mycin, colchicine, and daunomycin (11). The increased
resistance of MS23 cells to dexamethasone and col-
chicine is illustrated in Fig. 1, A and B. Figure 1, A, C,
and D, also demonstrates that the change in steroid
resistance had a very unique characteristic. While the
resistance to dexamethasone increased 3-fold and the
resistance to triamcinolone increased 10-fold in MS23
cells, these cells show a 2-fold increased sensitivity,
rather than resistance, to triamcinolone acetonide. This
is particularly striking, since all three of the steroids are
strong agonists and are closely related structurally (see
Fig. 2A). Moreover, our eartier studies had shown that
the amount of glucocorticoid receptor and its affinity for
dexamethasone did not differ in the W7TB and MS23
cell lines (11).

The fact that the MS23 variant had been obtained by
selection for resistance to dexamethasone alone sug-
gested that its resistance to the other drugs was related
to the mechanism producing its dexamethasone resist-
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ance. To further analyze the basis for this new form of
steroid resistance, highly resistant derivatives of MS23
cells were abtained by stepwise selection in vitro with
increasing concentrations of colchicine and dexameth-
asone. This combination of drugs was chosen to avoid
the glucocorticoid receptor mutants that could arise
from selection in dexamethasone alone and possible
microtubule mutants that could resuit from selection for
resistance to coichicine alone (26). The final stage,
S7CD-5, showed increased resistance to the same
drugs to which MS23 cells were resistant. Moreover,
like MS23, S7CD-5 did not develop significant resist-
ance to triamcinolone acetonide (11). The observation
that the pattern of resistance in S7CD-5 cells was the
same as in MS23 cells indicated that the difference
between the two cell lines was quantitative, not quali-
tative, and again suggested that the same event was
responsible for the spectrum of drug resistance.

The combined resistance to a variety of drugs sug-
gested that a mechanism producing reduced intracel-
lular drug concentrations (including specific steroids)
couid be invoived. One form of mdr has recently been
shown to be caused by drug efflux proteins (P-glyco-
proteins). Multidrug resistance caused by such an efflux
mechanism can be reversed by chemosensitizing drugs
such as verapamil and quinidine (23, 27-29). These
agents are thought to act by competing with the other
drugs for binding to P-glycoproteins. Consequently, the
toxic drugs are not as efficiently transported, and their
resulting intracellular levels are raised.

We compared the ability of verapamil to alter the
sensitivities of W7TB, MS23, and S7CD-5 cells to triam-
cinolone. The results are shown in Fig. 3. In the parental
line W7TB (3A), verapamil reduced the concentration of
triamcinolone needed to cause a 50% loss of prolifera-
tion (LDso) by 1.8-fold. In the MS23 and S7CD-5 var-
iants, the effect of verapamil was progressively greater.
The LDy, leveis were reduced by 13- and 32-fold in
MS23 and S7CD-5 cells, respectively. Verapamil had a
similar capacity to reverse the resistance to colchicine
and puromycin in the MS23 and S7CD-5 cell lines (data
not shown).

Reduction in Steroid Accumulation and its
Reversion by Verapamil

If the classical form of P-glycoprotein-mediated muiti-
drug resistance is involved, it should result in the re-
duced accumulation of toxic drugs within the cells. We
had previously demonstrated a reduced accumuiation
of puromycin in both the MS23 and S7CD-5 lines (11).
Figure 4 iliustrates the relative accumulation of dexa-
methasone in the cell lines used in Fig. 3. The concen-
tration of dexamethasone (60 nm) that was used was
chosen because it could discriminate between the sen-
sitivities of the different cell lines. In comparison to
WT7TB, both the total amount of dexamethasone, as
well as that specifically bound to GR, were reduced in
the MS23 and S7CD-5 cell lines. The reduction in
dexamethasone bound to receptors reflects the re-
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Fig. 1. Sensitivity of W7TB and MS23 Cell Lines to Colchicine and Three Glucocorticoids

Cell cultures, initially containing 5 x 10* cells/ml, were incubated in medium containing the indicated concentrations of drug for
5 days. At the end of the incubation period, the turbidities (660 nm) of the cultures were measured and expressed relative to
cuitures containing no drug. Each point is the average of two determinations. @, W7TB cells; O, MS23 cells;

duced accumulation of steroid rather than a receptor
defect, since previous experiments using cytoplasmic
extracts had shown that the number of glucocorticoid
receptor binding sites were not different in the W7TB,
MS23, and S7CD-5 cell lines (11). Moreover, the recep-
tors of the variants are functional, since they mediate
the induction of VL30 (data not shown), a gene that
was found to be induced by glucocorticoids in the
parental cell line W7 (30).

It verapamil has the potential to influence the efflux
of steroids, then the results shown in Figs. 3 and 4
predict that the drug would have a pronounced effect
on specifically bound dexamethasone in S7CD-5 cells
but not in wild type cells. Furthermore, verapamil should
cause little change in the accumulation of triamcinolone
acetonide within either cell line, since there is little
difference in their sensitivity to this agonist. Figure 5
shows that both predictions are correct. W7TB and
S7CD-5 cells were incubated with either dexametha-
sone or triamcinolone acetonide in the presence and
absence of verapamil. Without verapamil, very littie
dexamethasone was found within the S7CD-5 cells
(less than 10% of that found within W7TB cells). in the
case of triamcinolone acetonide, a considerable amount
of hormone accumulates in the variant (approximately
70% of that found in W7TB cells). Addition of verapamil
caused the level of dexamethasone to increase more
than 10-fold within S7CD-5 while having only a slight
effect on wild type cells. In comparison, verapamil had

no significant effect on the levels of specifically bound
triamcinolone acetonide within the wild type or S7CD-
5 cells. Taken together, the results support the hypoth-
esis that we have observed a new form of dexameth-
asone resistance in lymphoma cells—one that is asso-
ciated with multidrug resistance.

Detection of mdr Proteins in MS23 and its
Derivative S7CD-5

The muitidrug resistance and reduced dexamethasone
accumulation seen in the MS23 cell line and S7CD-5
suggest that a progressive overexpression of proteins
causing drug efflux is responsible. To test the validity
of this possibility, a monoclonal antibody (C219) rec-
ognizing the mouse mdr1 and mdr3 gene products was
used to look for the presence of these proteins. Quan-
titative measurements were obtained by indirect im-
munofluorescence using a fluorescein isothiocyanate
(FITC)-conjugated secondary antibody and fluores-
cence cytometry. The histograms in Fig. 6A show data
from one such experiment and are typical of the resuits
that we have obtained. Measurements were made with
three cell lines: W7TB (the parental line), MS23, and
S7CD-5. In each case, the experiment was carried out
as a comparison between preparations incubated in the
presence or absence of the primary antibody. No sig-
nificant C219-dependent fluorescence was seen with
the W7TB cells, indicating that if there is any P-glyco-
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Fig. 2. Effect of the 11-OH and 17-OH Groups on the Relative
Resistance of the S7CD-5 Variant

a, Triamcinolone acetonide differs from triamcinolone only
by the acetonide group blocking the 17-OH; 17-deoxydexa-
methasone is identical to dexamethasone except for the ab-
sence of the 17-OH group. All four of these steroids have an
11-OH group. b, The structures of these four giucocorticoids
are identical except for the presence of a 17-OH group (cor-
texolone), 11-OH group (corticosterone), or both OH groups
(hydrocortisone). The LDs, ratios represent the relative resist-
ance of the variant to each steroid calculated by dividing the
drug concentration required to inhibit the growth of the variant
cells by 50% by that required for the parental cells.

protein present in W7TB, it is below the threshold of
detection of our assay. On the other hand, both MS23
and S7CD-5 demonstrated a C219-dependent increase
in fluorescence, with S7CD-5 displaying the greatest
shift. The ratio of mean fluorescence (£C219 antibody)
can be used to compare the differences between the
cell lines. The averages of values obtained from three
separate experiments are shown Fig. 6B and verify that
both MS23 and S7CD-5 express an madr epitope which
is not detected in the parental cell line.

Expression and Amplification of mdr Genes in the
Variants

The possible involvement of drug efflux proteins in the
phenotype of the cell lines shown above was further
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Fig. 3. Reversion of the Triamcinolone Resistance in the
W7TB, MS23, and S7CD-5 Cell Lines by Verapamil

Two sets each of W7TB MS23 and S7CD-5 cells were
plated out at 5 X 10* cells/ml in increasing concentrations of
triamcinolone. One set from each cell line (O) contained 5 um
verapamil. The cultures were incubated for 5 days and their
turbidities measured (Ass0). Each point represents the average
of duplicate samples, and the data are normalized to the values
obtained without steroid for each set.

evaluated by testing for their expression of the mouse
mdr genes. Figure 7A shows a Northern blot analysis
of total RNA isolated from the parental W7TB cells, the
MS23, and the S7CD-5 variants. The individual blots
were hybridized with three different mdr probes. The
first probe (left panel) was generated from the entire
pcDR1.3 cDNA clone and does not discriminate be-
tween the three different mouse madr genes (generic
probe). The middle and right panels refiect hybridization
to probes generated from oligonucieotides specific for
the mdr1 and mdr3 genes, respectively. No hybridiza-
tion was observed with RNA from the W7TB cells by
any of the probes, even at longer times of autoradi-
ographic exposure. A 5-kb transcript (migrating imme-
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Fig. 4. Relative Accumulation of Dexamethasone in the W7TB,
MS23, and S7CD-5 Celi Lines

The cell lines characterized in Fig. 3 were incubated with
[*H]dexamethasone (60 nm) for 1 h at 37 C. After the incuba-
tion, the cells were washed free of unbound steroid in cold (0
C) PBS. Bound hormone (total) was measured in a scintillation
counter. Parallel cultures containing 150-fold excess of unla-
beled triamcinolone acetonide were used to evaluate nonspe-
cific binding. The difference between total and nonspecific
binding is defined as specific binding. The data represent the
means + st from three independent experiments.
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Fig. 5. Effect of Verapamil on the Accumulation of Glucocor-
ticoids in W7TB and S7CD-5 Cells

Two sets each of wild type W7TB cells and drug-resistant
S7CD-5 cells were incubated with either *H-labeled dexameth-
asone or triamcinolone acetonide (10 nM) for 1 h in the pres-
ence or absence of 10 um verapamil. At the end of the
incubation the cells were washed free of unbound hormone
Nonspecific binding was measured using parallel samples
containing 5 uM unlabeled hormone. The hormone specifically
bound to each sample is shown. The bars represent the means
+ sk from two independent experiments.

Vol 7 No. 7

diately above the 28S rRNA species) was detected with
the generic probe in the RNA from MS23 cells. The
concentration of the 5-kb species was approximately
10-fold higher in the S7CD-5 RNA. An identical pattern
of hybridization was observed with the mdr1-specific
probe (middle panel), while no hybridization was found
with the probe specific for the mdr3 gene (right panel).
The size (5 kb) of the hybridizing RNA is in agreement
with that described by others using an mdr1 specific
probe (19). In addition, we have not detected hybridi-
zation using cDNA probes specific for the mdr2 and
mdr3 genes and poly (A)* RNA preparations from
S7CD-5 cells (data not shown).

Figure 7B shows a Southern blot analysis of DNA
isolated from the W7TB, MS23 and S7CD-5 cell lines,
digested with EcoRl and hybridized with the generic
cDNA probe. There were no differences apparent in the
hybridization patterns obtained from the W7TB and
MS23 samples. However, all seven of the hybridizing
bands were amplified in the S7CD-5 DNA. Densitome-
tric scans of the autoradiograms indicated that each
band was amplified approximately 8-fold. Taken to-
gether, our results demonstrate that the original selec-
tion for the MS23 variant resulted in the isolation of
cells expressing the mdr1 gene. Furthermore, this
expression was increased, through a gene dosage ef-
fect, during the subsequent seiection of the S7CD-5
cells.

Steroid Specificity of the Phenotype of S7CD-5
Cells

The differences observed between dexamethasone and
triamcinolone acetonide in S7CD-5 cells are significant
since the two steroids are closely related structurally,
and changes in resistance to one had always been
found to parallel changes in resistance to the other. The
results outlined above suggested that the basis for the
selective dexamethasone resistance observed in
S7CD-5 involved a structural feature in this steroid
molecule that is not present in triamcinolone acetonide.
With this in mind, the relative resistance of S7CD-5
cells to a variety of steroids with agonist activity was
examined. The results of some of the studies are shown
in Fig. 8. Two glucocorticoids very ciosely related to
dexamethasone and triamcinolone acetonide were
tested, namely 17-deoxydexamethasone and triamci-
nolone. Figure 2A illustrates the structural relationship
between these four steroids. Triamcinolone acetonide
differs from triamcinolone by the presence of an acet-
onide group replacing the 16- and 17-hydroxyl groups.
Similarly, 17-deoxydexamethasone is identical to dex-
amethasone except for the absence of a 17-hydroxyl
group. The S7CD-5 variant has developed considerably
more resistance to the steroids having a 17-hydroxyl
group (dexamethasone and triamcinolone; Fig. 8, A and
B) than to the steroids in which the 17-hydroxyl group
is absent (17-deoxydexamethasone, Fig. 8C) or modi-
fied (triamcinolone acetonide, Fig. 8D). The degree of
resistance of S7CD-5 cells to those steroids can be
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Fig. 6. MDR Protein Expression in the W7TB, MS23, and S7CD-5 Cell Lines

A, Indirect immunofluorescence measurements were made by flow cytometry using a mouse monoclonal, mdr-specific, primary
antibody and a secondary antibody conjugated with FITC. Comparisons were made for each cell line between samples incubated
in the absence (dotted line) or presence (solid line) of the primary antibody. The data are presented as histograms with the
fluorescence intensity plotted on a linear scale. B, Ratios of the mean fluorescence values (xthe primary antibody) for each celt
line. The values represent the means + se from three independent experiments.

expressed quantitatively as the ratios of the LDs, for
S7CD-5 cells to the LDs, for parental cells. The values
of these ratios are only 3.0 for triamcinolone acetonide
and 6.4 for 17-deoxydexamethasone but are 85 and
32 for triamcinolone and dexamethasone, respectively
(Fig. 2A). These results point to the presence of a 17-
hydroxyl group as one of the structural features impor-
tant in the specificity of the resistance phenotype.
Additional agonists were tested, and the results are
shown in Table 1. The steroids can be divided into three
classes based on the reiative level of resistance ob-
served in the S7CD-5 cells: class | steroids to which
the variant had no increased resistance (LDs, ratio <
1.0); class Il steroids to which the variant had modest
resistance (2.4 < LDs, ratio < 6.4); class ili steroids to
which the variant acquired considerable resistance
(LDs, ratio > 14) up to as much as 85-fold. With no
exception, all of the class Il steroids have hydroxyl
groups in both the 11- and 17- positions. The class Il
steroids have a hydroxy! group in only the 11- position.
The class | steroids either lack both 11- and 17-hydroxyl
groups or, in the case of cortexolone, has only a
hydroxyl group at the 17- position. Figure 2B illustrates
the structure of four natural ligands that differ only by
the presence of 11- andfor 17-hydroxyl groups and
which fall into the three different classes of steroids.
Deoxycorticosterone lacks both 11- and 17-hydroxyl

groups and belongs to class | steroids (LDs, ratio =
0.78). The addition of a 17-hydroxyl group to deoxy-
corticosterone yields cortexolone, a glucocorticoid that
still belongs to class | steroids, since the S7CD-5 variant
has developed no resistance to cortexolone either (LDs,
ratio = 0.86). This indicates that the presence of a 17-
hydroxyl group may be necessary but is not sufficient
to generate a steroid to which the S7CD-5 variant is
resistant. However, the addition of an 11-hydroxyi
group to cortexolone yields hydrocortisone, a steroid
of class Ill to which the variant has developed consid-
erable resistance (LDs, ratio = 24). Corticosterone, on
the other hand, differs from deoxycorticosterone only
by the presence of an 11-hydroxyl group and belongs
to class Il steroids (LDsy ratio = 2.6). These results
indicate that the presence of both the 11- and 17-
hydroxyl groups contribute synergistically to the speci-
ficity of the resistance phenotype.

To further test the hypothesis outlined above, several
other steroids were evaluated that have a 17-hydroxyl
group but lack an 11-hydroxyl group (testosterone,
prednisone, cortisone, 17-hydroxyprogesterone, and
17-hydroxypregnenolone) or lack both the 11- and 17-
hydroxyls (pregnenolone). However, those steroids
have only very low affinity for the glucocorticoid recep-
tor, and little, if any, toxicity was observed at concen-
trations as high as 10 um. It is, however, interesting to
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Fig. 7. Analysis of RNA and DNA from W7TB, MS23, and S7CD-5 Cells

A, Northern blot analysis of mdr RNA expression in the W7TB, MS23, and S7CD-5 cells. Total RNA was isolated from W7TB,
MS23, and S7CD-5 cells and fractionated (20 ug/lane) by electrophoresis in a 1% agarose gel containing formaidehyde. After the
RNA was transferred to nylon membrane filters, replicate blots were hybridized with: left panel, a probe generated from the
pcDR1.3 clone (this probe does not distinguish between the individual mdr genes); middle panel, a probe generated from an
oligonucleotide specific for the mdr1 gene; right panel, a probe generated from an oligonucleotide specific for the mdr3 gene. All
of the filters were rehybridized with a probe for the constitutively expressed CHO-B gene. B, Southern blot analysis of genes
encoding mdr genes in W7TB, MS23, and S7CD-5 cells. DNA was isolated from W7TB, MS23, and S7CD-5 cells, digested with
EcoRl, and fractionated (5 ug/lane) by electrophoresis in a 1% agarose gel. The DNA was transferred to a nylon filter and hybridized

with a probe generated from the generic pcDR1.3 cDNA clone.

note that the steroid to which the S7CD-5 variant has
developed most resistance is triamcinolone (LDsy = 85),
the only steroid tested that has a third hydroxyl group,
in position 16 (Fig. 2A).

DISCUSSION

The results presented in this report constitute, to our
knowledge, the first evidence of a possible role of P-
glycoprotein in glucocorticoid resistance of T-lymphoma
cells. Interestingly, Gross et al. (31, 32) presented evi-
dence more than two decades ago that certain steroids
were actively transported out of mouse fibrablasts,
lymphomas, and adrenal cells growing in vitro. This
transport process was shown to be energy dependent,
temperature sensitive, and steroid specific. In a result
similar to ours, cortisol, dexamethasone, and predniso-
lone were found to be the best substrates for the
putative transport process and to be extruded from L
cells. At that time, the P-glycoproteins and their role in
drug efflux and multidrug resistance were unknown,
and the steroid transport process involved remained
unidentified.

Since the discovery of mdr P-glycoproteins, a number
of investigators have examined their possible role in the

transport of steroids. Several reports have convincingly
demonstrated that steroids can bind to both the human
and mouse P-glycoproteins. Progesterone effectively
competes the photoaffinity labeling of the mouse mdr1
P-glycoprotein by azidopine and inhibits the binding of
[*H]vinblastine to membrane vesicles prepared from
mdr mouse cells (20). Progesterone was also found to
inhibit binding and efflux of vinblastine in mdr mouse
cells and increased the drug sensitivity of these cells
(21). Screening of steroids other than progesterone
indicated that glucocorticoids were less efficient than
progesterone (20). Finally, [*H]progesterone itself has
been used to directly photoaffinity label the human
MDR1 P-glycoprotein (22). In spite of the substantial
evidence that progesterone binds the mouse P-glyco-
protein, steroids were not transported out of mouse
mdr cells overexpressing the efflux proteins (21). Simi-
larly, the human MDR1 protein was not found to export
dexamethasone (23). More recently, Nelson and Hinkle
(24) reported that a variant of rodent GH,C, cells,
selected for colchicine resistance, accumulated re-
duced amounts of cortisol. The variant was also shown
to express mdr protein using the same C-219 monoclo-
nal antibody that was employed in our flow cytometry
experiments. Ueda et al. (25) introduced the human
mdr1 gene into porcine LLC-PK1 cells and detected
increased transepithelial transport of cortisol, aldoste-
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Fig. 8. Increased Resistance of the S7CD-5 Variant to Various Glucocorticoids
Dose-response curves were generated as described for Fig. 1. The cellular material present in the culture was monitored by
turbidity at 660 nm. The results are expressed as a percentage of the turbidity reached in the control without drug. O, Parental

WT7TB cell line; A, S7CD-5 variant.

rone, and dexamethasone, but not progesterone.
These authors did not demonstrate reduced accumu-
lation of steroid within the cells. It is interesting, how-
ever, that dexamethasone and cortisol are two of the
steroids that we have found to be effectively excluded
from S7CD-5 cells (class Ill in Table 1). Ueda et al. (25)
did not test triamcinolone or triamcinolone acetonide in
their assay.

As far as steroid resistance is concerned, this has
been rarely tested, because, unlike many other drugs,
glucocorticoids are not toxic to most cells. In contrast
to most previous studies, the T-lymphoma cell line W7
used here is highly sensitive to glucocorticoids (8).
Moreover, the selection conditions have been designed
to yield variants with characteristics of mdr-associated
glucocorticoid resistance rather than the usual variants
defective in glucocorticoid receptor. It should be noted
that the MS23 variant would have been eliminated at
the high dexamethasone concentration (>10~" m) com-
monly used in selections for glucocorticoid resistance
(see Fig. 1A). The initial result of our selection was a
variant (MS23) with increased resistance to dexameth-
asone as well as unrelated drugs, and a concomitant
expression of the mdr1 gene. The event responsible for
activation of the mdr1 gene in MS23 is unknown but
could be either a genetic (e.g. promotor mutation) or an
epigenetic (e.g. DNA demethylation) change. Activation
of an madr gene as a first step in acquiring multidrug
resistance has been well documented (14, 15). In the
case of CHO cells, it was shown that selection for
colchicine resistance yielded mutants that were cross-
resistant to a number of drugs and displayed increased

(coliateral) sensitivity, rather than resistance, to steroids
such as deoxycorticosterone (33). It has often been
observed that multidrug-resistant cell lines are signifi-
cantly more resistant to the drug used in the selection
than to the other drugs, in spite of the fact that the
same mdr gene is involved in the resistance to the
various drugs. In two instances it has recently been
shown that preferential resistance to the selecting agent
was the result of mdr gene mutations increasing the
ability of P-glycoprotein to extrude the drug used in the
selection. A single amino acid substitution, Gly-185 to
Val-185, in the human MDR1 P-glycoprotein was shown
to occur during selection in coichicine and to coincide
with the emergence of preferential resistance to colchi-
cine (34). A similar exampile was found in the case of
the mouse mdr1 P-glycoprotein, where a Ser-941 to
Phe-941 substitution produced a mutant protein that
had retained the capacity to confer vinblastine resist-
ance but lost the ability to confer adriamycin and col-
chicine resistance (35). Whether an mdr1 mutation has
occurred during selection of MS23 cells remains to be
examined.

The observation that S7CD-5 (and MS23) cells have
become dexamethasone resistant while remaining sen-
sitive to triamcinolone acetonide is a phenomenon that
is unique in the field of glucocorticoid resistance. It
indicates that the mechanism responsible for this phe-
notype recognizes a specific feature of dexamethasone,
the steroid used in the selection. This preferential re-
sistance to the selective drug appears especially strik-
ing because dexamethasone and triamcinolone aceto-
nide are so closely related structurally. Even though
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Table 1. Relative Resistance of S7CD-5 Cells to Various Steroids

LDso X 10° e
n = 11-OH¢ 17-OH¢
w7TB S7CD-5 wﬁ"B
Class |
Progesterone 4 240 145 0.60 - -
Deoxycorticosterone 3 18 14 0.78 - -
Cortexolone 3 145 125 0.86 - +
Class Il
Corticosterone 21-acetate 2 54 13 2.4 + -
Corticosterone 4 5.8 15 2.6 + -
Triamcinolone acetonide 4 0.05 0.15 3.0 + Blocked
Fluocinolone acetonide 3 0.02 0.07 35 + Blocked
p-Aldosterone 4 15 55 3.7 + -
17-Deoxydexamethasone 3 0.56 3.6 6.4 + -
Class Ili
Hydrocortisone 21-phosphate 3 50 68 14 + +
Fluorometholone 3 0.41 7.3 18 + +
Betamethasone 5 0.24 55 23 + +
Hydrocortisone (cortisol) 2 47 111 24 + +
Dexamethasone 9 0.60 19 32 + +
6 o-Methyl prednisolone 2 25 82 33 + +
Prednisolone 3 2.7 107 40 + +
Prednisolone 21-acetate 3 2.8 163 58 + +
Hydrocortisone 21-acetate 4 4.6 325 7 + +
Triamcinolone 3 25 213 85 + +

Dose-response curves to the various steroids were generated as described in Materials and Methods and illustrated in Fig. 1. The

results represent the average of the number of determinations (n).

* Drug concentration required to inhibit the growth by 50%.

5 Relative resistance calculated by dividing the drug concentration required to inhibit the growth of the S7CD-5 variant cells by 50%

by that required for the parental W7TB cells.

° The absence (—) or presence (+) of a hydroxyl group in position 11 is indicated for each steroid.
9The absence (—) or presence (+) of a hydroxy! group in position 17 is indicated for each steroid. In the cases of triamcinolone
acetonide and fluocinolone acetonide, the 17-OH is blocked by an acetonide group.

drug efflux pumps may seem relatively indiscriminate,
minor differences in drug structure, such as between
colchicine and colcemid, have been shown before to
cause wide variations in relative resistance (33). The
structural basis for such differences in resistance has
not been examined in detail. It is fortunate that, in the
case of steroids, a wide variety of analogs are available
that can all bind the glucocorticoid receptor and trigger
killing of W7 cells. Therefore, this phenomenon could
be analyzed here in some detail. Our results (see Table
1) indicate, in particular, that the three hydroxyl groups
in positions 11, 16, and 17 contribute synergistically to
the specificity of the resistance phenotype. Yang et al.
(20) concluded from their study of steroid specificity
that the most hydrophobic steroids, such as progester-
one, had the highest affinity for binding the mouse mdr1
P-glycoprotein. Our results are not necessarily in con-
tradiction with that observation, since there is evidence
on the human MDR1 P-glycoprotein for two distinct
sites: one site for the initial binding of the drug, and
another site associated with drug release outside of the
cell (36). The second site is thought to play a significant
role in determining the capacity to efflux a specific drug.

Finally, glucocorticoids, including prednisone (con-

verted to prednisolone in vivo) and dexamethasone, are
important components of chemotherapies especially for
various types of leukemias and lymphomas (37-40).
Recent results indicate that the expression of P-glyco-
protein is related to clinical drug resistance in acute
leukemia (41, 42). The variants described in this study
provide not only the first evidence for a role of P-
glycoprotein expression in glucocorticoid resistance but
also represent the first instance of a form of steroid
resistance that has a specificity entirely different from
the specificity of the glucocorticoid receptor. A most
outstanding example of this is triamcinolone acetonide,
a steroid that has a higher affinity than dexamethasone
for the receptor but that appears not to be transported
in our variants (see Fig. 5). The observation that a cell
can become resistant to prednisolone or dexametha-
sone while retaining its sensitivity to other steroids,
such as triamcinolone acetonide, indicates that the
choice of the steroid may influence the outcome of
combination therapies.

MATERIALS AND METHODS
Steroids

All steroids were obtained from Sigma Chemical Company (St.
Louis, MO), except for 17-deoxydexamethasone, which was
a gift from Roussel Uclaf (Romainville, France).
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Cell Lines

WT7TB is a 5-bromodeoxyuridine-resistant derivative of the
glucocorticoid-sensitive BALB/c murine thymoma line WEHI-7
(7). The isolation of the glucocorticoid-resistant variants MS23
and S7CD-5 has been described elsewhere (11). Briefly, the
MS23 variant was selected for partial resistance to dexameth-
asone after 6 days in the presence of 5 X 10° m dexametha-
sone and after 23 days upon transfer into medium containing
7.5 x 10™® m dexamethasone. The MS23 csll line was then
cloned in the absence of steroid. The S7CD-5 variant was
obtained by submitting the MS23 variant to seven rounds of
selection in increasing doses of a combination of dexametha-
sone and colchicine. After selection the population was sub-
cloned in the absence of drug.

Cell Culture and Drug Sensitivity Tests

Cells were grown in suspension in Dulbecco’s modified Eagle’s
medium containing 10% fetal calf serum, and drug sensitivity
measurements were carried out as previously described (8).
Briefly, cells were plated out (5 x 10*elis/ml) in medium
containing the appropriate concentration of drug to be tested.
After 5 days of incubation the turbidity (660 nm) of the cultures
was measured. This gives an estimate of the total amount of
cell proliferation during that period of time. The results are
expressed relative to cultures without drug.

Plasmids and Probes

The plasmid pcDR1.3 was kindly provided by Drs. James M.
Croop (Harvard Medical School, Cambridge, MA) and Daniel
Haber (Massachusetts Institute of Technology, Cambridge,
MA). It contains a 1.3-kb Bglil fragment from the middle third
of the mouse mdr1 cDNA subcloned in pUC19 by Gros et al.
(43). This probe cross-hybridizes extensively to homologous
regions of the mdr2 and mdr3 genes or transcripts and gives
an estimate of the total level of mdr sequences (19). The cDNA
probes generated from pcDR1.3 were labeled using the mul-
tiprime labeling kit RPN.1600Z purchased from Amersham
(Arlington Heights, IL) and following the procedure recom-
mended by the manufacturer. [«-**P]Deoxy-ATP was obtained
from Amersham. Probes specific for mdr1 and mdr3 were
generated from synthetic oligonucleotides 71 and 74 bases
long, respectively, which correspond to cDNA sequences des-
ignated as a linker region (44). These oligonucleotides corre-
spond to nucleotide positions 1915-1985 in the mdr1 gene
(45) and positions 1906-1979 in the mdr3 gene (46). The
oligonucleotide probes were labeled by phosphorylation with
T4 polynucieotide kinase (47). The {y-**P]ATP was purchased
from ICN (irvine, CA).

Analysis of MDR Protein Expression by Flow Cytometry

Preparation of the Samples Samples of celis (1 X 107 total)
were washed two times in PBS and fixed in a 4% solution of
paraformaldehyde in PBS for 20 min at room temperature. The
cells were then washed two times in PBS containing 10%
sucrose followed by an extraction in PBS containing 0.3%
Triton X-100. The fixed cells were further extracted in 100%
acetone. After the acetone treatment, the samples were
washed twice in PBS containing 0.05% Triton X-100 and
resuspended in PBS containing 3% BSA, 0.01% Triton X-100,
and horse serum as a blocking agent. The samples were
divided into two portions, one of which received a monoclonal
antibody (C219, Signet Laboratories Inc., Dedham, MA) spe-
cific for the mdr1 and mdr3 proteins of the mouse. The final
concentration of the antibody was 20 ug/mi. The samples
were incubated overnight at 4 C with continuous rotation of
the tubes. After the incubation, the samples were washed four
times in cold (0 C) PBS containing 0.01% Triton X-100. The
samples were suspended in PBS containing 3% BSA, 0.01%
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Triton X-100, and a 1:100 dilution of an FITC-conjugated
secondary antibody (FITC-conjugated rabbit antimouse im-
munoglobulin G, Sigma Chemical Co., St Louis, MO; F7506).
The samples were incubated for 1 h at room temperature with
continuous rotation. After the incubation with secondary anti-
body, the samples were washed three times at 0 C with PBS
containing 0.01% Triton X-100 and finally resuspended in PBS
without detergent.

Analysis by Flow Cytometry Fluorescein fluorescence was
analyzed by fiow cytometry using a Becton Dickinson (Moun-
tain View, CA) FACScan. Fiuorescence was measured in the
FL1 channel with the standard 520-nm bandpass filter over a
4-decade log range. A minimum of 10* events was analyzed
for each sample. The resuits were expressed as a histogram
where both forward angle light scatter and side scatter were
used to remove artifacts due to debris and cell clumping (48).
The mean fluorescence values for each distribution were used
to characterize the samples.

RNA Preparation and Analysis

Total cellular RNA was prepared as described by Chomczynski
and Sacchi (49) and fractionated in 1.0% agarose, 2.2 M
formaldehyde gels. After electrophoresis, the RNA was trans-
ferred onto nylon filters (Hybond-N from Amersham) and hy-
bridized with the desired mdr probe. The filters were hybridized
for 18 h at 42 C in 50% formamide, 1% BSA, 1 mm EDTA,
5% SDS, and 0.5 M NaPO,, pH 7.2 (50). in order to normalize
the data for quantitative variations in the RNA samples, the
blots were also hybridized with a cDNA probe for the consti-
tutively expressed CHO-B gene (51). After hybridization, the
fiters were washed and the amount of 3P probe bound
measured using autoradiography and scanning densitometry
(Ultroscan XL Laser Densitometer, LKB, Bromma, Sweden).

DNA Preparation and Southern Blot Analysis

Nuclei were purified from W7TB, MS23, and S7CD5 cells as
described by Gruol et al. (52). DNA was isolated by the method
of Biin and Stafford (53). DNA samples (10 ug) were digested
overnight with enzyme at 37 C, and additional enzyme was
added for the final 4 h of incubation. The samples were
fractionated in 1.0% agarose geis and biotted onto nyion filtters
(Hybond-N, Amersham) by capillary action with 20x SSPE
(47). The DNA was fixed to the filters by 3 min UV irradiation.
Hybridizations of the blots were carried out under the same
conditions used for the Northern biot analysis.

Steroid Accumuliation in Intact Cells

Measurements of steroid accumulation in intact cells were
carried out by the method outlined in Pfahl et al. (54) with
minor modifications. Briefly, cells were collected by centrifu-
gation and resuspended (1-2 x 107 cells/m) in a mixture of
medium and PBS (1:1). After dispensing the cells into individual
tubes, °H-labeled hormone (dexamethasone, 38 Ci/mmol;
triamcinolone acetonide, 29 Ci/mmol) was added and the
samples placed for 1 h at 37 C in a CO, incubator. Paralle!
samples containing an excess of unlabeled triamcinolone acet-
onide (typically 5 uM) were used to assess nonspecific (i.e. not
bound to glucocorticoid receptors) binding. After the incuba-
tion, the cells were washed free of unbound hormone using
cold (0 C) PBS. Bound hormone was measured by scintillation
counting. Specific binding was calculated by subtracting non-
specific binding (samples containing uniabeled hormonej from
the total radioactivity bound without competitor.
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