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Abstract

Although the immunosuppressive drugs FK506, rapamycin and cyclosporin A have been reported to potentiate transcriptional
activation mediated by a non-saturating concentration of the glucocorticoid receptor agonist dexamethasone, the precise
mechanism(s) underlying these responses remains unclear. The murine L-929-derived LMCAT cell line stably transfected with the
mouse mammary tumor virus promoter-chloramphenicol acetyl transferase reporter gene construct was utilized in the present
study to further investigate the mechanism(s) underlying this dexamethasone potentiation as well as the possible agonist specificity
of this potentiation.. The present data demonstrate that pretreatment (2 h) of LMCAT cells with 10 mM FK506, rapamycin or
cyclosporin A results in the potentiation of reporter gene transcription mediated not only by dexamethasone (�12-fold), but also
by hydrocortisone (�6-fold) and triamcinolone acetonide (�2.5-fold). In sharp contrast, the data show for the first time that
pretreatment with any one of these immunosuppressive drugs suppresses (�2–8-fold) the transcriptional responses mediated by
corticosterone, deoxycorticosterone, and cortexolone. Pretreatment of intact LMCAT cells with FK506 increases the subsequent
whole cell specific binding of [3H]dexamethasone, but does not increase specific cytoplasmic binding when the tritiated agonist is
added directly to cytosolic extracts prepared from the pretreated cells. These data suggest that the FK506-mediated potentiation
of the transcriptional responses induced by some agonists, like dexamethasone, may be related to the ability of this immunosup-
pressant to inhibit the membrane-associated multidrug resistance (MDR) P-glycoprotein, which actively extrudes some steroids
from cells. Identical pretreatment with FK506 has no detectable effect on the subsequent whole cell specific binding of
[3H]corticosterone, a steroid which is not effectively extruded by the MDR pump. Two additional MDR pump inhibitors,
verapamil and quinidine, potentiate (30-fold) the dexamethasone-mediated transcriptional response as expected, but have no
detectable effects on a corticosterone-mediated transcriptional response. Unlike immunosuppressive drugs, these ion channel
blockers do not bind to receptor-associated immunophilins (FK506-binding proteins or cyclophilins). Collectively, these results
suggest that immunosuppressants potentiate a dexamethasone-mediated transcriptional response in LMCAT cells by inhibiting
efflux of this steroid. In contrast, these drugs appear to suppress a corticosterone-mediated transcriptional response by a different
mechanism, perhaps one involving their binding to glucocorticoid receptor-associated immunophilins. © 1998 Elsevier Science
Ireland Ltd. All rights reserved.
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1. Introduction

Glucocorticoid hormones mediate their responses by
binding with high affinity and specificity to intracellular
glucocorticoid receptors (GR). According to the cur-
rently accepted model, once the lipid soluble glucocorti-
coid hormone diffuses across the plasma membrane of
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a target cell and binds to its cytoplasmic GR, the
hormone-receptor complex then undergoes a ligand-in-
duced conformational change referred to as ‘activation’
or ‘transformation’ (reviewed in Schmidt and Litwack,
1982). This conformational change results in the disso-
ciation of a dimer of the 90 kDa heat shock protein
(hsp90) (Sanchez et al., 1987) and an increased affinity
of these hormone–receptor complexes for DNA. Once
activated, these cytoplasmic GR complexes translocate
into the nucleus where they bind as homodimers
(Drouin et al., 1992) to specific cis-acting DNA se-
quences, termed ‘hormone response elements’ (HREs),
located within the promoters of target genes (Ya-
mamoto, 1985). Binding to either positive or negative
glucocorticoid response elements (GREs) results in the
enhancement or repression, respectively, of the rate of
transcription of target genes. This transcriptional regu-
lation may occur in a very cell specific manner as
evidenced by the fact that glucocorticoid-mediated in-
duction of atrial natriuretic factor occurs only in car-
diac myocytes (Argentin et al., 1991). In contrast, the
mouse mammary tumor virus (MMTV) promoter con-
tains four GREs and when linked to an appropriate
reporter gene and transfected into essentially any GR-
expressing cell line this promoter can be utilized to
study GR-mediated transcriptional activation (Majors
and Varmus, 1983; Beato, 1989).

In addition to hsp90, other non-hormone binding
proteins have also been shown to be associated with the
unliganded, heteromeric GR complex. Reconstitution
experiments performed utilizing GR complexes im-
munoabsorbed from cytosols prepared from L929
mouse fibroblasts have demonstrated that hsp70 and a
60 kDa protein referred to as p60 are required for
GR–hsp90 heterocomplex assembly in a rabbit reticu-
locyte lysate system (Dittmar et al., 1996; Dittmar and
Pratt, 1997). Additional data have demonstrated that a
widely distributed 23 kDa acidic protein referred to as
p23 is also associated with the GR via its ability to bind
directly to hsp90 in an ATP-dependent manner (John-
son and Toft, 1994). It has been proposed that al-
though p23 may not be required for folding of the GR
protein as once predicted (Hutchison et al., 1997), it
may function to stabilize the GR–hsp90 heterocomplex
and hence block rapid disassembly (Dittmar and Pratt,
1997). Owens-Grillo et al. (1995) have also demon-
strated that there are at least two independent types of
cytoplasmic GR–hsp90 heterocomplexes, one that
binds hsp56, which is a 56–59 kDa heat shock protein
also known as p59 (Renoir et al., 1990), and another
that contains cyclophilin-40 (CyP-40), and that both of
these proteins bind to a common site on hsp90. In
addition to being a constitutively expressed heat shock
protein, hsp56 also binds the immunosuppressive drugs
FK506 and rapamycin and has therefore been identified
as an immunophilin of the FKBP (FK506 binding

protein) family (Sanchez, 1990). Since FKBP59, which
is also referred to as FKBP52 (Peattie et al., 1992)
binds to hsp 90 it is also referred to as a heat shock
protein-binding immunophilin (Callebaut et al., 1992).
Likewise CyP-40 is a 40 kDa protein that also qualifies
as an immunophilin and binds cyclosporin A (CsA)
with high affinity and specificity (Kieffer et al., 1992).
Although GR-associated hsp90 appears to mediate a
variety of functions including masking of the DNA
binding domain (Howard et al., 1990) and stabilization
of the hormone binding site in the unliganded GR
(Nemoto et al., 1990), less information is available
concerning the potential role(s) of hsp56 or CyP-40 in
regulating GR function(s). Czar et al. (1995) have
utilized an antibody directed against hsp56 to demon-
strate that this heat shock protein-binding im-
munophilin is required for trafficking of GR from the
cytoplasm to the nucleus in mouse L-929 fibroblasts.
Several laboratories have also probed the potential
roles of these immunophilins by investigating the effects
of immunosuppressive drugs on key GR-functions in-
cluding activation/transformation, nuclear transloca-
tion and agonist-mediated transcriptional responses
(Hutchison et al., 1993; Ning and Sanchez, 1993; Czar
et al., 1995; Ning and Sanchez, 1995; Renoir et al.,
1995; Sanchez et al., 1995). Despite the fact that these
studies have generated important new data, a clear
understanding of the mechanism(s) underlying the ef-
fects of these drugs on GR functions is currently
lacking.

In addition to their potential abilities to modulate
GR functions by interacting directly with GR-associ-
ated immunophilins, these immunosuppressive drugs
may also exert effects on glucocorticoid hormone ac-
tion that are directly linked to the phenomenon of
multidrug resistance (MDR). This MDR phenotype is
frequently characterized by the presence of increased
levels of a 170 kDa plasma membrane protein, referred
to as P-glycoprotein, which is expressed not only in
some tumor cells but also in normal human tissues
including the luminal surface of transporting epithelia
of the kidney proximal tubule, small intestine, colon,
biliary hepatocytes and in capillary endothelial cells of
the brain and testis as well as in the adrenal cortex
(Thiebaut et al., 1987; Sugawara et al., 1988; Thiebaut
et al., 1989). This location of the P-glycoprotein in
non-tumor cells suggests that one of its physiological
roles is to pump or secrete naturally occurring metabo-
lites and toxic substances into bile and urine and di-
rectly into the lumen of the gastrointestinal tract (Ueda
et al., 1992). This energy-dependent pump, which is a
member of the ABC (ATP-binding cassette) transporter
superfamily containing two transmembrane domains
(each spans the membrane six times) alternating with
two putative ATP binding sites, has been shown to
export a wide range of biochemically unrelated anti-



R.D. Medh et al. / Molecular and Cellular Endocrinology 138 (1998) 11–23 13

cancer drugs out of tumor cells and by so doing lower-
ing their intracellular concentrations to sublethal levels
and inducing tumor resistance (Gottesman and Pastan,
1988; Bosch and Croop, 1996). Ueda et al. (1992) have
demonstrated that P-glycoprotein also trans-epithelially
transports cortisol (hydrocortisone), aldosterone and
dexamethasone, thus lowering their effective intracellu-
lar concentrations. Hydrophobic steroids have been
reported to bind tightly to this P-glycoprotein (Yang et
al., 1989). However, some hydrophobic steroids, like
progesterone, are not actively extruded from the cell
despite their binding to this membrane transporter
(Ueda et al., 1992). Thus different structural properties
appear to determine whether a particular steroid
molecule will merely bind to and inhibit the P-glyco-
protein pump, or actually be extruded from the cell
after it has bound to the transporter. Other studies,
including one published by Hoof et al. (1993), have
demonstrated that rapamycin, FK506 and CsA bind
with high affinity to P-glycoprotein and by inhibiting its
pumping activity these drugs elevate the intracellular
concentrations of drugs such as adriamycin, colchicine
and vinblastine, thus reversing resistance to these
chemotherapeutic agents. Additional studies (Cornwell
et al., 1987; Fojo et al., 1987; Ford and Hait, 1990)
have shown that the MDR resulting from P-glyco-
protein over-expression can be circumvented by the
Ca2+ channel blocker, verapamil, and the Na+ chan-
nel blocker, quinidine. These channel blockers can thus
function as chemosensitizing agents by competing for
binding to the MDR-related membrane P-glycoprotein
(Kessel and Wilderding, 1984; Cornwell et al., 1987;
Akiyama et al., 1988; Ford and Hait, 1990). P-Glyco-
protein expression has also been implicated in the ac-
quisition of glucocorticoid resistance in murine
thymoma cells and in this situation hormone-induced
apoptosis can be restored by verapamil (Bourgeois et
al., 1993). Finally, a recent report (Kralli and Ya-
mamoto, 1996) has demonstrated that an FK506-sensi-
tive transporter in yeast selectively decreases the
intracellular levels and potency of glucocorticoid hor-
mones. Thus membrane-associated transporters may be
capable of modulating, perhaps in a cell-specific man-
ner, the initial step in the glucocorticoid signaling path-
way, which is the availability of the steroid for binding
to intracellular GR (reviewed in Thompson, 1995).

In the present series of experiments the murine LM-
CAT cell line, which has been stably transfected with
the MMTV promoter-chloramphenicol acetyl trans-
ferase (CAT) reporter gene construct (Howard et al.,
1990), has been utilized as a model system in which to
evaluate the potential effects of known P-glycoprotein
inhibitors on the transcriptional response elicited by a
variety of GR agonists. The data presented in this
report suggest that the abilities of these immunosup-

pressive drugs to potentiate the transcriptional re-
sponses induced by some agonists, such as
dexamethasone, is related to the known ability of these
drugs to inhibit the MDR pump or another related
membrane transporter. In contrast, the ability of these
drugs to suppress the transcriptional responses induced
by other agonists, such as corticosterone, appears to
occur via a different mechanism(s), perhaps one involv-
ing their binding to GR-associated immunophilins.

2. Materials and methods

2.1. Materials

FK506 was a gift from Fujisawa Pharmaceutical
(Osaka, Japan and Melrose Park, IL). Rapamycin and
(9 )-verapamil were purchased from CalBiochem (La
Jolla, CA), cyclosporin A from the pharmacy at The
University of Iowa Hospitals and Clinics, and quinidine
(sulfate salt dihydrate) from Sigma Chemical (St. Louis,
MO). These reagents were dissolved in either ethanol
(FK506, rapamycin, (9 )-verapamil), glycerol/ethanol
(CsA) or methanol (quinidine) and stored as concen-
trated stocks. Non-radioactive dexamethasone, corti-
costerone, deoxycorticosterone and acetyl CoA were
obtained from Sigma (steroids stored as concentrated
stocks in ethanol). [1,2,6,7-3H]corticosterone ([3H]cor-
ticosterone; 88 Ci/mmol), [1,2,4-3H]dexamethasone
([3H]dexamethasone;44 Ci/mmol), and D-threo-
[dichloroacetyl-1-14C] chloramphenicol (53 Ci/mmol),
were purchased from Amersham (Arlington Heights,
IL). All tissue culture components, including the Dul-
becco’s Modified Eagle’s Medium (DMEM), were pur-
chased from the University of Iowa Tissue
Culture/Hybridoma Facility.

2.2. CAT reporter cell line

The LMCAT cell line was generously supplied by Dr
Edwin Sanchez (Medical College of Ohio). This cell
line, which expresses endogenous GR but not mineralo-
corticoid receptors, was derived from mouse L929 cells
(fibroblast-like) that had been stably transfected with
the pMMTV-CAT reporter gene construct (Howard et
al., 1990) using the Lipofectin reagent (Felgner et al.,
1987). These cells were grown as monolayers in Dulbec-
co’s Modified Eagle’s Medium (DMEM) containing
10% fetal bovine serum and penicillin (100 U/ml)-strep-
tomycin (100 mg/ml), gentamycin (0.05 mg/ml), fungi-
zone (2.5 mg/ml), 10 mM HEPES, and L-glutamine (2
mM). Cultures were maintained at 37°C in a humidified
atmosphere of 5% CO2 and were subcultured weekly
via trypsinization.
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2.3. CAT assay

Quantitation of CAT enzyme activity was performed
in duplicate essentially following the protocol described
by Gorman et al. (1982) using [14C]chloramphenicol as
substrate. Following thin layer chromatography (TLC)
the silica gel plates (J.T. Baker, Phillipsburg, NJ) were
exposed for 3 days to Kodak X-Omat X-ray film
(Sigma). After development of the resulting audioradio-
grams, the individual spots corresponding to the non-
acetylated substrate and acetylated product were
separately excised for counting in aqueous counting
scintillant (Beckman Ready Gel). For each treatment
the dpm corresponding to the acetylated spot were
expressed as a percentage of the total dpm (acetylated
plus non-acetylated). Within each experiment normal-
ization of the data was performed by arbitrarily setting
the percent acetylation detected in the ethanol-treated
control group to 1.0. The normalized data from identi-
cal repeat experiments were pooled and plotted.

2.4. Binding Assays

Whole cell binding assays were performed in dupli-
cate using 1×107 LMCAT cells that had been pre-
treated for 2 h with ethanol, or FK506 (10 mM) or
verapamil (50 mM). After preincubation, the cells were
resuspended in DMEM containing increasing concen-
trations of either [3H]dexamethasone or
[3H]corticosterone in the absence (uncompeted) or pres-
ence (competed) of 500-fold molar excess of the appro-
priate unlabeled steroid. Cells were incubated for 1 h at
37°C in a humidified CO2 incubator, and then washed
three times with phosphate buffered saline (PBS) and
subsequently resuspended in 200 m l PBS. The bound
radioactivity in 100 m l aliquots was then quantitated by
liquid scintillation spectroscopy. Specific whole-cell
binding was calculated by subtracting nonspecific (com-
peted) from total (uncompeted) binding. For cytoplas-
mic binding assays, LMCAT cells were preincubated
for 2 h with either ethanol (control) or FK506 (10 mM)
and subsequently homogenized via sonication (Poly-
tron, Brinkmann Instruments) in aliquots of ice-cold
buffer (50 mM potassium phosphate, 10 mM
Na2MoO4, 10 mM monothioglycerol and 2 mM dithio-
threitol, pH 7.0 at 0–4°C). The crude homogenate was
then centrifuged at 105000×g for 1 h at 4°C. Aliquots
of the cytosolic extracts were then incubated overnight
at 4°C with increasing concentrations of
[3H]dexamethasone in the presence (competed) and ab-
sence (uncompeted) of a 500-fold molar excess of unla-
beled dexamethasone. Quantitation of specific cytosolic
binding was then performed in triplicate by the hydrox-
ylapatite batch assay (Schmidt et al., 1985) followed by
liquid scintillation spectroscopy.

2.5. Nuclear translocation assay

To measure the extent of agonist-induced nuclear
translocation of GR, LMCAT cells were first pretreated
for 2 h with either ethanol (control) or FK506 (10 mM),
and then resuspended in serum-free DMEM containing
either 30 nM [3H]dexamethasone alone (uncompeted)
or [3H]dexamethasone plus a 500-fold molar excess of
unlabeled dexamethasone (competed). The whole cell
suspensions were then incubated at 37°C for 1 h. Cells
were subsequently washed several times with PBS, and
aliquots of the suspensions were then counted to deter-
mine total (nuclear plus cytoplasmic) cellular specific
binding. Additional aliquots of the cells from both the
ethanol and FK506 pretreatment groups were lysed by
repeated freezing on dry ice and thawing at 1–4°C. The
cytosolic fractions and nuclear pellets of the lysates
were then separated by brief centrifugation in 1.5 ml
Eppendorf tubes. Specific cytoplasmic (cytosolic) bind-
ing was then quantitated via liquid scintillation spec-
troscopy. The tips of the Eppendorf tubes containing
the crude nuclear pellets were then cut off and assayed
for specific binding. The percentage of dexamethasone-
induced nuclear translocation in the various treatment
groups was then calculated by expressing the specific
binding detected in the nuclear pellet as a percentage of
the total cellular specific binding.

2.6. Statistical analysis

Experimental results are expressed as means9S.E.
All CAT assays were performed in duplicate and the
number of independent repetitions of a specific experi-
ment is indicated in the appropriate figure legend.
Statistical analyses were performed using the Microsoft
Excel version 4.0 software package. The Student’s t-test
was used to determine statistical significance between
treatment groups and the individual P values are indi-
cated in the figure legends. P Values less than 0.05 were
considered significant.

3. Results

3.1. Effects of pretreatment with FK506, rapamycin or
cyclosporin A on glucocorticoid agonist-mediated
transcriptional response

In the first series of experiments the effects of pre-
treatment of LMCAT cells with different immunosup-
pressive drugs on subsequent glucocorticoid
agonist-mediated enhancement of CAT reporter gene
transcription were investigated. As shown in Fig. 1
(Panel A), pretreatment for 2 h with FK506 (10mM)
resulted in significant potentiation (�12-fold) of CAT
gene transcription mediated by subsequent incubation
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Fig. 1. Potentiation of dexamethasone-mediated transcriptional activation in LMCAT cells by immunosuppressive drugs. Cells were pretreated for
2 h at 37°C with 10 mM FK506 (panel A), rapamycin (panel B), or cyclosporin A (panel C). Following a 20 h incubation at 37°C with ethanol
(control) or the indicated concentrations of dexamethasone, CAT reporter gene activity was quantitated as described in Section 2. Data presented
are the means9SEM for four (panel A) or two (panels B and C) independent experiments performed in duplicate. *, Significantly different from
hormone-treated control (PB0.05, panels A and C; PB0.01, panel B).

(18 h) with a nonsaturating concentration (10−8 M) of
dexamethasone, a potent synthetic GR agonist. Mini-
mal potentiation was detected at a 10-fold higher con-
centration (10−7 M) of dexamethasone (data not
shown). Pretreatment with other immunosuppressive
drugs, including rapamycin (10 mM; Panel B) or cy-
closporin A (10 mM; Panel C), also resulted in signifi-
cant potentiation (�20-fold) of the transcriptional
response mediated by a subsequent incubation with
10−8 M dexamethasone, but exerted little or no effect
on the response detected after an incubation with 10−7

M dexamethasone (data not shown). Identical pre-
treatement with FK506 also resulted in significant po-
tentiation (�6-fold) of the subsequent transcriptional
response mediated by 5×10−8 M hydrocortisone as
well as potentiation (�2.5-fold) of the transcriptional
response mediated by 2.5×10−10 M triamcinolone ace-
tonide (data not shown). In contrast, identical pretreat-
ment with either FK506 (Fig. 2, Panel A), rapamycin or
cyclosporin A (data not shown) resulted in significant
suppression (2–8 fold) of the transcriptional response
mediated by subsequent incubation with 10−7M corti-
costerone. Identical pretreatment with FK506 also re-
sulted in significant suppression of the transcriptional
response mediated by a subsequent incubation with
deoxycorticosterone (Fig. 2, Panel B), a weaker GR
agonist that lacks a hydroxyl group at the 1 and 17
positions, or cortexolone (Fig. 2, Panel C), a GR
antagonist that also functions as a weak agonist and
has one hydroxyl group at position 17. In all of these
experiments immunosuppressive drug-induced potentia-
tion of a dexamethasone-mediated transcriptional re-
sponse served as a positive control. The optimal
concentrations of the various hormone at which these

suppressive effects were detected reflects the relative
affinities of these agonists for the GR. Examples of
individual CAT assays that illustrate the opposite ef-
fects of FK506-pretreatment on subsequent dexam-
ethasone- and corticosterone-mediated transcriptional
responses are presented in Fig. 3.

3.2. Effects of FK506 pretreatment on whole-cell
binding of agonists and subsequent nuclear
translocation of GR-agonist complexes

In order to evaluate the potential effects of FK506
pretreatment on the subsequent binding of glucocorticoid
agonists to intracellular GR, whole cell binding assays
were performed utilizing [3H]dexamethasone or [3H]corti-
costerone. Intact LMCAT cells were again preincubated
for 2 h with FK506 (10 mM) and subsequently incubated
with increasing concentrations (10−10–10−7 M) of either
[3H]dexamethasone or [3H]corticosterone. Specific bind-
ing of tritiated hormone was then quantitated as previ-
ously described. As shown in the binding curves presented
in Fig. 4 (Panel A), pretreatment with FK506 dramati-
cally enhanced the subsequent specific binding detected at
each of the designated concentrations of [3H]dexametha-
sone. However, the fold enhancement of [3H]dexametha-
sone binding was clearly higher at the lower concen-
trations of tritiated hormone (5.1-fold at 10 nM) than at
the higher concentrations of tritiated hormone. These
data are thus consistent with the fact that pretreatment
with FK506 significantly potentiates a dexamethasone-
mediated transcriptional response, but only at a nonsatu-
rating concentration of the agonist. In contrast,
pretreatment with FK506 had no discernible effect on the
subsequent whole-cell specific binding of [3H]cortico-
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Fig. 2. Suppression of glucocorticoid agonist-mediated transcriptional activation in LMCAT cells by FK506. Following a 2 h preincubation with
10 mM FK506, the cells were incubated for 20 h at 37°C with ethanol (control) or the indicated concentrations of corticosterone (panel A),
deoxycorticosterone (panel B), or cortexolone (panel C). CAT reporter gene activity was subsequently quantitated as described in Section 2. Data
presented are the means9SE for six (panel A) or three (panels B and C) independent experiments performed in duplicate. *, Significantly different
from hormone-treated control (PB0.05, panels A and C; PB0.01, panel B).

sterone (Fig. 4, Panel B). In order to determine whether
the enhanced whole cell binding of [3H]dexamethasone
was the result of an intracellular effect of FK506 on
GR binding levels, perhaps occurring as a consequence
of drug-mediated up-regulation of GR protein levels, or
a more indirect effect of FK506 such as one mediated
at the level of the plasma membrane, the potential
effect of FK506 on the cytosolic binding of

[3H]dexamethasone was evaluated. Intact cells were
preincubated without or with FK506 (10 mM) for 2 h
and cytosolic extracts from the two treatment groups
were subsequently isolated and incubated with increas-
ing concentrations (10−7–10−10 M) of [3H]dexa-
methasone. The data generated by these cytosolic
binding assays (Fig. 5) indicated that FK506 pretreat-
ment of intact cells does not elevate the subsequent
specific binding levels of [3H]dexamethasone if the triti-
ated agonist is added directly to cytosolic aliquots.

The possibility that FK506 may potentiate a dexam-
ethasone-mediated transcriptional response by some-
how driving a significantly higher proportion of
cytoplasmic GR-dexamethasone complexes into the nu-
clei of LMCAT cells was next analyzed. Intact cells
were preincubated for 2 h in the absence or presence of
10 mM FK506 and nuclear translocation assays were
then performed using either 10−9 or 10−8 M
[3H]dexamethasone as described earlier. The data pre-
sented in Table 1 again demonstrate that FK506 pre-
treatment enhances [3H]dexamethasone specific binding
in intact cells, which is reflected in both the cytoplasmic
and nuclear compartments. More specifically, using a
final concentration of either 10−9 or 10−8 M
[3H]dexamethasone, significant increases (�8- and 6-
fold, respectively) in specific nuclear binding were de-
tected. However, although the absolute nuclear binding
level increased, the percent nuclear translocation (nu-
clear binding expressed as a percentage of total cellular
binding) was not increased by FK506 pretreatment.
Nuclear translocation experiments were also performed
using [3H]corticosterone as the ligand. However, the
relatively low binding affinity of the tritiated agonist

Fig. 3. Representative autoradiogram of CAT assays showing poten-
tiation of a dexamethasone-mediated transcriptional response and
suppression of a corticosterone-mediated transcriptional response
following pretreatment with FK506. Cells were pretreated for 2 h
with ethanol (− ) or 10 mM FK506 (+ ). Following a 20 h incuba-
tion at 37°C with ethanol, dexamethasone (10−8 M), or corticos-
terone (10−7 M), CAT reporter gene assays were performed as
described in Section 2.
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Fig. 4. Whole cell binding curves depicting the effects of preincubation with FK506. LMCAT cells were pretreated for 2 h with or without 10 mM
FK506 and the subsequent whole-cell specific binding of [3H]dexamethasone (panel A) and [3H]corticosterone (panel B) were quantitated as
described in Section 2. Each point represents the mean of duplicate binding assays and the experiment was performed twice with similar results.

combined with its high nonspecific binding precluded
detection of specific nuclear binding.

3.3. Effects of pretreatment with 6erapamil or quinidine
on glucocorticoid agonist-mediated transcriptional
response

As seen in Fig. 6, pretreatment (2 h) with either 50
mM verapamil (Panel A) or 12.5 mM quinidine (Panel
B), which are known inhibitors of the MDR pump,
resulted in significant potentiation (�30- and 22-fold,
respectively) of reporter gene transcription mediated by

a subsequent 18 h incubation with 10−8 M dexam-
ethasone, while no significant potentiation was detected
at a final concentration of 10−7 M dexamethasone
(data not shown). Pretreatment (2 h) with 50 mM
verapamil also enhanced subsequent whole cell specific
binding of [3H]dexamethasone (Fig. 7), and as detected
after a preincubation with FK506 (see Fig. 4(A)), a
higher fold enhancement of specific binding was de-
tected at the lower concentrations of tritiated agonist.
Thus the effects of immunosuppressive drugs on poten-
tiation of a dexamethasone (or hydrocortisone)-medi-
ated transcriptional response appear to be mediated via
inhibition of the MDR pump. In contrast to the effects
of these channel blockers on a dexamethasone-medi-
ated transcriptional response, identical pretreatment
with either verapamil (Fig. 8, Panel A) or quinidine
(Fig. 8, Panel B) had no significant effect on the
transcriptional response mediated by a subsequent 18 h
incubation with either 10−7 or 10−6 M corticosterone.

4. Discussion

The observation that specific immunophilins, includ-
ing hsp56 and CyP-40, are associated with unliganded
cytoplasmic GR-hsp90 heterocomplexes (Owens-Grillo
et al., 1995) has led several laboratories to test the
hypothesis that immunosuppressive drugs are capable
of modulating GR functions, including transcriptional
activation. Published studies have demonstrated that
FK506 and rapamycin (Ning and Sanchez, 1993) as
well as CsA (Renoir et al., 1995) significantly potentiate
dexamethasone-induced MMTV-CAT activity in stably
transfected LMCAT cells, but only when a non-saturat-
ing concentration (10−8 M) of agonist is used. With
regard to the possible mechanism(s) by which these
drugs mediate this potentiation, Ning and Sanchez

Fig. 5. Cytosolic binding curves depicting the effect of preincubation
of intact LMCAT cells with FK506. LMCAT cells were pretreated
for 2 h with or without 10 mM FK506 and cytosolic extracts were
subsequently isolated and incubated overnight with increasing con-
centrations of [3H]dexamethasone. Specific binding of
[3H]dexamethasone (dpm bound/100ml) was then quantitated using
the hydroxylapatite batch assay as described in Section 2. Each point
represents the mean of triplicate binding assays and the experiment
was performed twice with similar results.
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Table 1
Effects of FK506 pretreatment on nuclear binding of [3H]dexamethasone-GR complexes

Concentration of [3H]dex Pretreatment with Specific binding of [3H]dexamethasone (dpm/107 cells)a

FK506(M)

Total Cytoplasmic Nuclear Percent of nuclear translocation

10−9 − 31919345 1159946 17699105 55
21 03199076 8866956310−9 12 6489212+ 60
(6.6)b (7.6) (7.1)

−10−8 23 05491691 88739414 15 0499236 65
110 02694023 47 83294965 61 6999204010−8 56+
(4.8) (5.4) (4.1)

a Data represent the means9SE of triplicate determinations.
b Fold increase in specific binding induced by preincubation with FK506.

(1993) concluded from Western blotting experiments
that FK506 enhances nuclear translocation of the GR
protein in these cells. These same investigators (Ning
and Sanchez, 1995) subsequently reported that in S49
lymphoma cells FK506 actually inhibits dexam-
ethasone-induced activation of the GR to a DNA-bind-
ing form and stabilizes the unactivated GR-hsp90
heterocomplex. Using a series of CsA and FK506 ana-
logues, including some of which are devoid of calcineu-
rin phosphatase inhibitory activity, Renoir et al. (1995)
concluded that the potentiating effects of these drugs
on dexamethasone-induced gene expression in LMCAT
cells do not appear to occur through a calcineurin
(Ca2+/calmodulin-regulated phosphatase)-mediated
pathway. These data are important in light of the
known abilities of these immunosuppressive drugs to
inhibit T-cell proliferation via their abilities to bind
another FKBP (FKBP12) and subsequently inhibit cal-
cineurin activity (Liu et al., 1991).

In the present study the laboratory has investigated
the mechanism(s) by which immunosuppressive drugs
(FK506, rapamycin, and CsA) as well as channel block-
ers (verapamil and quinidine) modulate (potentiate or
suppress) agonist-mediated transcriptional activation of
CAT reporter gene activity in transfected LMCAT
cells. The data presented demonstrate that pretreatment
of these cells with any of these immunosuppressive
drugs (Fig. 1) or channel blockers (Fig. 6) results in
significant potentiation of the transcriptional response
mediated by a non-saturating concentration of dexam-
ethasone (10−8 M), hydrocortisone (10−7 M) (data not
shown), and to a lesser extent, triamcinolone acetonide
(2.5×10−10 M) (data not shown). One possible inter-
pretation of these data is that by binding to and
inhibiting an energy-dependent membrane transporter,
each of these drugs is able to effectively block the efflux
of these agonists and thus increase their intracellular
concentrations and availability for GR binding. Both
dexamethasone and hydrocortisone are steroids which
contain –OH groups at both the 11 and 17 positions

(see Fig. 9) and have been reported to be effectively
exported out of cells by the MDR P-glycoprotein
(Ueda et al., 1992; Bourgeois et al., 1993). Although
triamcinolone acetonide (–OH group only at position
11) is a potent synthetic GR agonist, it is actively
exported by the P-glycoprotein to a limited extent
(Bourgeois et al., 1993).

In agreement with data published for L-929 cells
(Kralli and Yamamoto, 1996) and consistent with this
MDR pump inhibition mechanism are the facts that
pretreatment of intact LMCAT cells with FK506 (Fig.
4, Panel A; Table 1) or verapamil (Fig. 7) enhanced the
subsequent whole cell specific binding of
[3H]dexamethasone. The fact that FK506 pretreatment
enhanced the [3H]dexamethasone binding levels de-
tected in both the cytoplasmic and nuclear compart-
ments, but did not influence the percentage of specific
[3H]dexamethasone complexes translocated into the nu-
cleus (Table 1), suggests that the drug-induced increase
in nuclear binding was a direct consequence of in-
creased GR activation resulting from the increased
availability of the tritiated ligand within the cell. The
observation that pretreatment of intact cells with
FK506 failed to enhance subsequent cytosolic specific
binding of [3H]dexamethasone (Fig. 5) also argues that
the potentiating effects of these immunosuppressants
do not result from their abilities to increase cytoplasmic
binding levels by potentially up-regulating GR gene
expression. The facts that: verapamil blocks Ca2+

channels (Hondeghem and Mason, 1987); FK506 and
rapamycin reverse the Ca2+ release channel-stabilizing
effects of FKBP12 (Brillantes et al., 1994); and FK506
reduces cytosolic Ca2+ ion levels in liver cells (Kraus-
Friedman and Feng, 1994), also raise the possibility
that drug-induced alterations in intracellular Ca2+ ion
levels might explain how these different drugs potenti-
ate a dexamethasone-mediated transcriptional response.
Several published reports have in fact implied that a
decrease in intracellular Ca2+ concentration results in
increased stability of GR (Kalimi et al., 1983; Rousseau
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Fig. 6. Potentiation of dexamethasone-mediated transcriptional activation in LMCAT cells by verapamil or quinidine. Cells were pretreated for
2 h with either 50 mM verapamil (panel A) or 12.5 mM quinidine (panel B). Following a 20 h incubation at 37°C with ethanol (control) or the
indicated concentrations of dexamethasone, CAT reporter gene activity was quantitated as described in Section 2. Data represent the means9SE
for five (panel A) or six (panel B) independent experiments performed in duplicate. *, Significantly different from hormone-treated control
(PB0.005, panel A; PB0.0005, panel B).

and Bohemen, 1984; Bodwell et al., 1985), which theo-
retically could result in potentiation of an agonist-medi-
ated transcriptional response. This potential
mechanism, however, is clearly ruled out by the obser-
vation that quinidine, a known Na+ channel blocker
that is devoid of Ca2+ channel blocking activity (Hon-
deghem and Mason, 1987), is equally effective in poten-
tiating this dexamethasone-mediated effect on CAT

gene expression. The fact that both verapamil and
quinidine inhibit the MDR pump (Bosch and Croop,
1996), but do not bind to immunophilins, also supports
the conclusion that these drugs, like the immunosup-
pressive drugs, potentiate a dexamethasone-mediated
transcriptional response by blocking efflux of the
steroid, rather than by interacting with immunophilins
such as those contained within the GR heteromeric
complex.

Taken collectively these data indicate that LMCAT
cells contain an FK506 (as well as rapamycin, CsA,
verapamil and quinidine)-sensitive activity that reduces
the intracellular accumulation of dexamethasone, hy-
drocortisone, and to a lesser extent, triamcinolone ace-
tonide. The possibility that this activity may be
energy-dependent is supported by the fact that L-929
cells have been reported to selectively extrude some
steroids, including cortisol (hydrocortisone), via a pro-
cess that is temperature- and energy-dependent (Gross
et al., 1968, 1970). Thus it is logical to conclude that the
potentiation observed in the present study is mediated
by the MDR P-glycoprotein, which as previously men-
tioned is blocked by all of these immunosuppressive
drugs and channel blockers. However, Kralli and Ya-
mamoto (1996) recently used an antibody that recog-
nizes Mdr1 and Mdr3, both of which have been shown
to transport specific steroids including dexamethasone
(Ueda et al., 1992; Bourgeois et al., 1993; Schinkel et
al., 1995), to probe L-929 cell membranes and were
unable to detect a cross-reacting protein. Since the
LMCAT cell line was derived from L-929 cells it is

Fig. 7. Whole cell binding curves depicting the effect of preincubation
with verapamil. LMCAT cells were pretreated for 2 h with or without
50 mM verapamil and the subsequent whole-cell specific binding of
[3H]dexamethasone was quantitated as described in Section 2. Each
point represents the mean of duplicate binding assays and the exper-
iment was performed twice with similar results.
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Fig. 8. Lack of an effect of preincubation with verapamil or quinidine on a subsequent corticosterone-mediated transcriptional response.
Following a 2 h preincubation with either 50 mM verapamil (panel A) or 12.5 mM quinidine (panel B), LMCAT cells were incubated for 20 h
at 37°C with ethanol (control) or the indicated concentrations of corticosterone. CAT reporter gene activity was subsequently quantitated as
described in Section 2. Data are presented as the means9SE of three (panel A) or six (panel B) independent experiments performed in duplicate.

possible that either: the P-glycoprotein is an efficient
pump that is expressed at very low levels in both L-929
cells as well as the LMCAT cell line; expression of
P-glycoprotein was induced during the stable transfec-
tion of L-929 cells to generate the LMCAT cell line; or
that the potentiation observed in LMCAT cells is medi-
ated by another distinct member of the ABC trans-
porter superfamily that is not recognized by this
anti-P-glycoprotein antibody. With regard to the last
possibility, Abe et al. (1995) have reported that the
MDR phenotype can occur in human tumors that
overexpress the non-P-glycoprotein-mediated MDR
gene, MRP. This gene encodes a 190 kDa membrane-
associated ATP-binding protein that has minor se-
quence homology with P-glycoprotein but is also
inhibited by verapamil (Abe et al., 1995).

The data presented here also demonstrate for the first
time that pretreatment of LMCAT cells with specific
immunosuppressive drugs results in significant suppres-
sion of the subsequent transcriptional activation medi-
ated by GR agonists that include corticosterone (Fig. 2,
Panel A), deoxycorticosterone (Panel B) or cortexolone
(Panel C). It is not obvious why a previously published
study detected no effect (potentiating or suppressive) of
FK506 on a deoxycorticosterone-mediated transcrip-
tional response in transiently transfected L-929 cells
(Kralli and Yamamoto, 1996). One possibility is that a
low concentration of this hormone was tested to evalu-
ate the possibility of an FK506 potentiating effect and
that a suppressive effect would not be detected at that
hormone concentration. Although in the present study
the precise mechanism(s) underlying this suppressive

effect has not been fully identified, certain basic conclu-
sions can be drawn from the data. First, it appears
unlikely that inhibition of the MDR P-glycoprotein or
another related membrane transporter with similar drug
sensitivity is responsible for the observed suppression.
Neither verapamil nor quinidine pretreatment resulted
in subsequent suppression of a corticosterone-mediated
response (Fig. 8, panel A and B), despite the fact that
both of these ion channel blockers are effective in-
hibitors of the MDR pump. Secondly, although pre-
treatment with FK506 resulted in suppression of a
transcriptional response mediated by deoxycorticos-
terone, this steroid lacks –OH groups at both the 11
and 17 positions (Fig. 9) and does not appear to be
extruded from cells via the pump (Ford and Hait,
1990). Corticosterone (–OH group only at position 11)
and cortexolone (–OH group only at position 17) have
also been reported to be extruded from cells, but only
to a very limited extent. Finally, pretreatment with
FK506 has no effect on the subsequent whole-cell spe-
cific binding level of [3H]corticosterone (Fig. 4, Panel
B). Thus FK506 pretreatment does not appear to affect
the intracellular availability of corticosterone for bind-
ing to the GR. Finally, it is important to point out that
although an immunosuppressive drug has been previ-
ously reported to suppress a progesterone receptor-me-
diated transcriptional response in L cells transfected
with an MMTV-luciferase reporter gene construct (Mi-
lad et al., 1995), this response was clearly drug-specific,
and hence quite distinct from the agonist-specific re-
sponses reported here. Although Milad et al. (1995)
found that cyclosporin A suppressed the transcriptional
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response mediated by R5020, FK506 had no de-
tectable effect on this response and rapamycin signifi-
cantly potentiated the agonist-mediated transcriptional
response. Because of these variable results obtained
with different immunosuppressive drugs the authors of
that study were unable to draw any firm conclusions
concerning underlying mechanisms.

Taken collectively, the data generated by the present
study suggest that a mechanism(s) distinct from MDR
pump inhibition may be responsible for the observed
suppression. One possibility is that binding of an im-
munosuppressive agent like FK506 to a GR-associated
immunophilin may be responsible for the subsequent
suppression of agonist-mediated transcription. Al-
though binding of FK506 to the receptor-associated
FKBP59 may not alter (increase or decrease) binding
of an agonist such as corticosterone, it may induce a
subtle conformational change and interfere with a sub-
sequent step in the GR pathway such as: agonist-in-
duced dissociation of hsp90 and activation of the GR
to a DNA-binding form; translocation of activated
GR complexes into the nucleus; or binding of acti-
vated GR complexes to GREs upstream of target

genes. Whether the response mediated by a specific
GR agonist is potentiated or suppressed by preincuba-
tion with an immunosuppressive drug may reflect
which mechanism predominates. For instance, dexam-
ethasone is actively extruded by the MDR pump or
related transporter and inhibition of this pump with
any one of these drugs increases the intracellular con-
centration of this hormone and results in potentiation
of its transcriptional response. In this situation the
potentiating mechanism may mask or override any
type of suppressive mechanism that may be the conse-
quence of simultaneous binding of the drug to a GR-
associated immunophilin. In contrast, deoxycortico-
sterone is not extruded from the cell by the pump and
therefore inhibition of the pump fails to result in the
potentiation of a deoxycorticosterone-mediated re-
sponse. In this situation the lack of potentiation may
facilitate detection of the suppressive effect mediated
by preincubation with an immunosuppressive drug.
Analysis of the effects of pretreatment with these
drugs on the subsequent transcriptional responses me-
diated by additional GR agonists will contribute to
the understanding of how structural features of the
GR agonist dictate which of these mechanisms will
predominate. Preliminary results (data not shown) in-
dicate that progesterone (lacks –OH groups at posi-
tions 11 and 17) functions as a weak GR agonist in
LMCAT cells and that transcriptional activation medi-
ated by this steroid can also be significantly sup-
pressed by a preincubation with FK506. These data
are intriguing in light of the previously cited report
that showed that progesterone binds tightly to the
human P-glycoprotein but is not actively transported
from cells (Ueda et al., 1992). Once again, in the
absence of potentiation the suppressive mechanism ap-
pears to be manifested in LMCAT cells. In conclusion,
the data presented here demonstrate that the potenti-
ating and suppressive effects of immunosuppressive
drugs on a glucocorticoid-mediated transcriptional re-
sponse in stably transfected L-929 cells are agonist-
specific and most likely mediated by different
mechanisms.
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Fig. 9. Structures of glucocorticoid agonists. The transcriptional
responses mediated in LMCAT cells by the agonists shown in the
column on the left are all potentiated (decreasing order from top to
bottom) by preincubation with an immunosuppressive drug while the
transcriptional responses mediated by the agonists shown in the
column on the right are all suppressed to similar extents by preincu-
bation with an immunosuppressive drug.
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