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Summary—The assay systems for steroid receptor functions in steroid-sensitive cells (SC-3
cells) were developed in which hormone-responsive element linked to a reporter gene
[chloramphenicol acetyl transferase (CAT) gene] was transfected by the electroporation
technique. Stimulation with androgen of SC-3 cells transfected with mouse mammary tumor
virus promoter-CAT gene (MMTV-CAT) resulted in clear enhancement of CAT activity,
whereas glucocorticoid required abnormally high concentrations to obtain significant stimu-
lation. The simultaneous addition of glucocorticoid surprisingly inhibited androgen-induced
CAT activity in SC-3 cells, whereas glucocorticoid and androgen acted together synergistically
to activate CAT activity in T 47D cells. When SC-3 cells were cotransfected with the expression
vector of human glucocorticoid receptor (GR) gene, inhibition with glucocorticoid of
androgen-enhanced CAT activity was abolished. These results would suggest that SC-3 cells
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contain functionally abnormal GR.

INTRODUCTION

The steroid hormone action mechanism has
been extensively studied, especially in relation to
cancer cell growth[1]. Since the presence of
functional steroid receptors is an essential com-
ponent in steroid-induced growth modulation,
many studies have been directed toward charac-
terizing steroid receptors. Indeed, most of the
steroid-resistant clones isolated from mouse and
human transformed lymphoid cells have been
shown to be defective in some aspect of gluco-
corticoid receptor (GR) function [2-5]. The vast
majority of resistant cells isolated from mouse
cells after chemical mutagenesis displayed little
or no steroid binding activity [6, 7]. Thus, the
GR gene appears to be the primary target for
mutations which result in glucocorticoid resist-
ance. These abnormalities in steroid receptors
have been mainly identified by analyzing their
ligand binding abilities and hydrodynamic
parameters. The presence of mutated steroid
receptors with normal ligand binding ability can
be expected. In this relation, it has been well
recognized that only 60% of estrogen recep-

*To whom all correspondence should be addressed.

593

tor(ER)-positive breast cancers could respond
to hormone therapies [8].

Recent experimental results have established
that many cis-acting elements as well as trans-
acting factors other than steroid receptors are
involved in the process of steroid hormone-
dependent gene activation [9-11]. For instance,
progression to steroid insensitivity has been
observed to occur even in cells containing
functional steroid receptors [12]. Therefore, the
differentiation of receptor abnormality from
postreceptor abnormality is required to examine
abnormal regulation of gene activation with
steroid hormones.

The mouse mammary carcinoma, Shionogi
carcinoma 115 (SC-115), is one of the most
extensively characterized steroid hormone-
dependent tumors. The growth of SC-115 has
been reported to be stimulated in vivo by physio-
logical concentrations of androgen and by
nonphysiological high doses of glucocorticoid
or estrogen in vivo [13-15]. SC-3 cells cloned
from SC-115 have been observed to be growth-
stimulated by androgen or glucocorticoid in the
serum-free culture condition [14, 16]. To obtain
the maximum growth-stimulatory effects on
SC-3 cells, a relatively high concentration of
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glucocorticoid [10~¢ M dexamethasone (Dex)] is
again required, while 10~® M testosterone (T) is
enough for elucidating the maximum growth-
response. Moreover, the growth-stimulatory
ability of T is much higher than that of Dex. This
quantitative difference between androgen- and
glucocorticoid-dependent growth of SC-3 cells
cannot be attributed to the difference in genes
activated by these steroids, since the growth-
stimulatory ability of both steroids is antago-
nized by the antibody against basic fibroblast
growth factor [17]. This consideration might be
supported by our previous observation that both
steroids stimulate the synthesis and secretion of
24 K protein in SC-3 cells[18]. Interestingly,
glucocorticoid has been observed to antagonize
androgen-dependent enhancement of SC-3
cell growth [19]. The molecular basis for these
positive and negative effects of glucocorticoid
remains to be elucidated. To clarify these unre-
solved problems, gene transfer experiments were
carried out using the reporter plasmid as well as
authentic GR gene.

MATERIALS AND METHODS

Chemicals

Eagle’s minimum essential medium (MEM),
Dulbecco’s modified Eagle medium (DMEM)
and Ham’s F-12 were obtained from Nissui
Pharmaceutical Co. Ltd (Tokyo, Japan). Fetal
calf serum (FCS) was from Irvine Scientific
(Santa Ana, Calif., U.S.A.). D-Threo-[dichloro-
acetyl-1,2-"*C]chloramphenicol (60 mCi/mmol)
(CAT assay grade) was from New England
Nuclear (Cambridge, Mass., U.S.A.). The re-
striction enzymes were purchased from Toyobo
Co. Ltd (Tokyo, Japan). T, Dex, bovine serum
albumin (BSA) (essential fatty acid free) and
Norit A (acid-washed charcoal) were from
Sigma Chemical Co. (St Louis, Mo., U.S.A.).
The other chemicals used here were of analytical
grade. The expression vector of human GR
was kindly provided by Dr R. M. Evans [20].
Plasmid pCH 110 (coding for f-galactosidase
activity) and MMTV-CAT (pMSG-CAT) were
purchased from Pharmacia (Uppsala, Sweden).

Cell culture and cell growth experiment

SC-3 cells from SC-115 tumor were cloned and
maintained in MEM supplemented with 107 *M T
and 2% dextran-coated charcoal(DCC)-treated
FCS, as described previously [15]. To examine
the growth-stimulatory effects of steroids, SC-3
cells were plated onto three replicate 35-mm
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dishes (2 x 10~*cell/dish) containing 2 ml MEM
containing 2% DCC-treated FCS (no hormone).
On the following day (day 1), the medium was
changed to 2ml serum-free medium [Ham’s
F-12:MEM (1:1, v/v) containing 0.1% BSA]
with various steroids. The serum-free medium
was changed every other day, and the number
of cells were counted on day 7. T47D cells,
human breast cancer cells, were maintained in
DMEM containing 10% FCS.

Transfection and CAT assays

The subconfluent cells were harvested and
washed with 0.272 M sucrose, 7 mM phosphate,
1 mM MgCl,, pH 7.4, at 20°C (PBSM buffer).
The aliquots (0.8 ml) of the cell suspension in
PBSM buffer (2.7 x 107 cells/ml) were trans-
ferred into the gene pulser cuvette (Bio-Rad;
Richmond, Calif., U.S.A.) containing the repor-
ter plasmid DNA (20 ug) with or without human
GR expression vector (5ug). In some exper-
iments, pCH 110 plasmid (10 xg) was also in-
cluded. These cuvettes were twice exposed to the
electroporation procedure (400420 V, 25 u FD).
Each exposure was followed by cooling at 0°C
for 10 min. These cells were then plated onto
60-mm culture dishes in 5 ml of phenol red-free
MEM supplemented with 10% DCC-treated
FCS in the presence of various hormones. After
48 h cultures, the cells were harvested and
washed twice with phosphate buffered saline
(PBS). The cell pellets were resuspended in
120 ul of 0.25M Tris HCI, pH 7.8, at 20°C and
lysed by three cycles of freezing and thawing.
The cell extracts were obtained by centrifugation
at 10,000 g for 10 min. Assays for CAT activity
were usually performed in a final volume of
145 ul containing 70 ug extracted cellular pro-
tein, acetyl co-enzyme A (0.5 mM) and 0.1 uCi
[“Clchloramphenicol [21]. This protein concen-
tration of the cellular extracts was chosen be-
cause CAT activity was found to be linear up to
100 pg/tube. These mixtures were incubated at
37°C for 1 h. Samples were subjected to extrac-
tion and TLC. After being exposed to Kodak
X-Omat AR films at —70°C for appropriate
periods (1-3 days), chloramphenicol acetylation
was quantified by densitometric analyses. f-
Galactosidase activities were assayed as de-
scribed by Herbomel et al. [22].

Statistical analysis

The data presented here are expressed as
mean + SE. The paired student’s ¢-test is used to
discuss the significant difference.
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Fig. 1. Growth-stimulatory effects of T or Dex on SC-3 cells.

SC-3 cells were plated and cultured in the presence of

various concentrations of steroid hormones, as described in

Materials and Methods. The cells were counted on day 7 by
means of a Colter counter.

RESULTS

The growth-stimulatory effects of various con-
centrations of steroids on SC-3 cells in serum-
free medium

SC-3 cells were cultured with 10~'%-10-*M
concentrations of T or Dex for 6 days in a
serum-free medium and their effects on cell yield
were examined (Fig. 1). T stimulation resulted
in a remarkable enchancement of the cell pro-
liferation in a concentration-dependent manner.
The maximum effect of T was obtained at
10~ M. With Dex, a relatively high concen-
tration (10-®*M) was required to obtain the
maximum effect, and its value was 62% of that
induced by T. To investigate the molecular
mechanism of steroid-enhanced cell growth,
detailed information on their receptors was
desirable. Our previous experiments on whole
cell binding assays[14,16,19] revealed the
presence of AR, GR and ER in SC-3 cells.

The ability of endogenous steroid receptors to
stimulate MMTV-CAT gene transfected into
SC-3 cells

To test the functional properties of steroid
receptors, the reporter plasmid was transfected
into SC-3 cells. The plasmid used in the present
studies was the MMTV-CAT gene. After stimu-
lation of transfected cells with hormonal ster-
oids for 48h, their effects on CAT gene
expression were determined. f-Galactosidase
activities in SC-3 cells transfected with pCH 110
as a reference plasmid were also assayed and
found not to differ significantly, irrespective of
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hormonal stimulation (data not illustrated). The
lack of a significant difference in this enzyme
activity between hormone-stimulated and hor-
mone-unstimulated cells might be due to the
experimental condition where cells for CAT
assay were cultured in 10% DCC-treated FCS.
Hormonal stimuli for 48h did not increase
the cell yield at this FCS concentration (data
not shown). Therefore, the correction for trans-
fection efficiency and cell number difference was
not made. The quantitative measurement of
the MMTV-CAT gene expression was carried
out by a densitometric analysis to examine
the concentration-dependency of glucocorticoid
and androgen. As shown in Fig. 2, T had
maximum potency at 10-% M, while the maxi-
mum stimulation with Dex was obtained at
10-*M. The significant stimulatory effect of
Dex could not be observed at 107*M. In
addition, the value obtained by 10~® M Dex was
approx. 60% of that by 10"*M T. A further
increase in Dex concentration could not be
performed due to its nonspecific toxic effect [19].

Inhibitory effects of Dex on androgen-induced
expression of MMTV-CAT gene in SC-3 cells

We have previously reported that Dex has a
stimulatory and inhibitory effect on androgen-
induced SC-3 cell growth [14, 19]. Thus, the
effects of Dex on androgen-dependent MMTV-
CAT gene expression were investigated. As
shown in Fig. 3, the physiological concentration
(1078 M) of Dex was found to markedly inhibit
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Fig. 2. Densitometric quantification of hormone effects on
CAT activities in SC-3 cells transfected with MMTV-CAT
plasmid. SC-3 cells transfected with MMTV-CAT plasmid
were stimulated with various concentrations of T or Dex.
CAT activities were quantified by densitometric scanning.
The data (mean+SE) were obtained by 3 separate exper-
iments and expressed as fold increases over hormone-
unstimulated samples.
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Fig. 3. Effect of Dex on T-induced CAT activities in SC-3

cells transfected with MMTV-CAT plasmid. SC-3 cells

transfected with MMTV-CAT plasmid were stimulated with

Dex alone or 10" M T in the presence of various concen-

trations of Dex. CAT assays were carried out as described
in Materials and Methods.

T-stimulated MMTV-CAT gene expression.
Increasing concentrations of Dex resulted in
partial recovery of CAT activities. These data
were quantitatively analyzed by densitometric
scanning (Fig. 4). Significant inhibition of T-
induced CAT activity was observed by the
simultaneous addition of 107 M Dex. To ex-
clude the possibility that the inhibitory effects of
Dex on androgen-induced gene expression can
be seen in all cells containing both AR and GR,
MMTV-CAT plasmid was transfected into T
47D cells (Fig. 5). Both T and Dex clearly
stimulated CAT gene expression at a con-
centration of 10~ M. More importantly, the
simultaneous addition of 1078 M Dex did not
inhibit, but stimulated, the CAT activities
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Fig. 4. Inhibitory potency of Dex on androgen-stimulated
MMTV-CAT gene expression in SC-3 cells. SC-3 cells
transfected with MMTV-CAT plasmid were cultured in the
presence of 10" M T with various concentrations of Dex
for 48 h. Then, CAT assays were done. Acetylated chloram-
phenicol spots were quantified by densitometric scanning,
and expressed as fold increases over hormone-unstimulated
samples. These values were obtained by 3 separate exper-
iments.
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Fig. 5. Lack of inhibitory effect of Dex on MMTV-CAT
gene expression in T 47D cells. T 47D cells were transfected
with MMTV-CAT plasmid, followed by stimulation with
10-*M T and/or 10-8M Dex for 48 h. Then, CAT assays
were carried out. Hormone treatments were as follows: lane
1, unstimulated; lane 2, 10~ M T; lane 3, 10~ M Dex; lane
4, 107 *M T+ 10~*M Dex. The same experiment was re-
peated once more with a similar result.

enhanced by 10°*MT. The CAT activity
stimulated with both T and Dex was 1.5-
to 2-fold higher than those stimulated with
either Dex or T. These results would suggest
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Fig. 6. Lack of negative effect of Dex on MMTV-CAT gene
expression in SC-3 cells cotransfected with human GR
expression vector. SC-3 cells were cotransfected with
MMTV-CAT plasmid and human GR expression vector
(5ug), and unstimulated (lane 1) or stimulated with
10-*MT (lane 2), 10°*M Dex (lane 3) or
10-*M T + 103 M Dex (lane 4) for 48 h. Then, CAT assays
were carried out. The same experiment was repeated once
more with a similar result.
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Dex-mediated inhibition of MMTV-CAT
gene expression is uniquely observed in SC-3
cells.

This interesting effect of Dex in SC-3 cells
may be due to abnormal functions of GR or
other trans-acting factors. To obtain some clue
for differentiating these two possibilities, a
plasmid containing human GR expression
vector [20] was cotransfected into SC-3 cells.
As illustrated in Fig. 6, expression of human
GR resulted in a clear stimulation of CAT
activities with 10~ M Dex which was quantitat-
ively similar to that obtained with 10-*M T,
Furthermore, an induction of human GR in
SC-3 cells abolished the inhibitory potency of
Dex on androgen-stimulated MMTV-CAT
expression.

DISCUSSION

Functional analyses of steroid receptors using
the gene transfer techniques described herein
reveal that SC-3 cells contain functionally ab-
normal GR. The most prominent finding is that
Dex inhibits androgen-dependent activation of
MMTV-CAT gene. MMTV has been well
recognized as containing the glucocorticoid/
progestin/androgen-responsive element in the
long terminal repeat (LTR)[23, 24]. Although
progestin-induced transcriptional activation of
MMTYV-CAT has been reported to be inhibited
by ER in a ligand-dependent manner [10], this
seems to be the first report demonstrating that
the transcriptional interference between AR
and GR actually occurs on MMTV-CAT
gene. This negative transcriptional effects of GR
on MMTV-CAT expression seems to be limited
to SC-3 cells. Furthermore, glucocorticoid-
dependent stimulation of MMTV-CAT gene
expression was observed when human GR ex-
pression plasmid was cotransfected into SC-3
cells. Several possible mechanisms can be con-
sidered to explain these unique events. Our
previous observations have revealed that gluco-
corticoid treatment does not decrease AR con-
tent in SC-3 cells [19], excluding the possibility
of heterologous down-regulation of AR. It can
be theoretically considered that inhibition is due
to the formation of nonfunctional heterodimers
between the interfering GR and the activating
AR.

Another possible mechanism is the compe-
tition between positive AR and less active GR
for overlapping sequences. Studies on various
transcriptional factors indicate that this type of
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competition is actually occurring. A series of
transcriptional units have been reported by the
MAT«2 gene product in yeast[25]. Triiodo-
thyronine (T,) receptor has been found to bind
to ERE in a transcriptionally inactive form
and to compete for ER binding[26]. Similar
competition has been found to occur on T,-
responsive gene between T, receptors and v-erb
A oncogene product [27]. If GR-Dex complexes
can bind to glucocorticoid-responsive element
(GRE) in a transcriptionally less active form,
some mutation should be present in the GR
molecule in SC-3 cells. Cotransfection with the
human GR expression vector abolished the
inhibitory potency of Dex, suggesting that GR
endogenously present in SC-3 cells is mutated.
Recently, sequence data on GR in SC-115 have
been published [28). According to this reported
result, two kinds of mutations were present in
GR molecules: one amino acid substitution
from valine to glycine in the first zinc finger
portion; and one amino acid (arginine) addition
between two zinc fingers. Our recent data re-
vealed only one type of mutation in SC-3 cells
(valine to glycine mutation in the first zinc finger
portion) (to be published). These findings
suggest the possible existence of different GRs
among sublines even derived from SC-115
tumor. These heterogenous molecular forms of
GR would explain the apparent discrepancy
between the present result and the reported
observation that Dex can activate the endogen-
ous MMTYV gene present in SC-115 cells at
10-7M [29]. Additionally, the molecular mech-
anism should be examined to explain why
an abnormally high concentration of Dex
is required to demonstrate the positively
regulatory ability of transactivation (Fig. 2).

Modulation of androgen effects by gluco-
corticoid has been reported in the ductus defer-
ences derived smooth muscle cell line
(DDT,-MF-2)[30}. Growth of DDT,-MF-2
cells has been shown to be enhanced by andro-
gen, whereas glucocorticoid inhibits their
growth. Recent in situ hybridization data have
demonstrated that glucocorticoid does not
inhibit, but facilitate, androgen-dependent
accumulation of mRNA coding for heparin-
binding growth factor I{31]. Compared with
these interesting, but complicated, results, SC-3
cells provide us with more straightforward data
on cell proliferation as well as gene expression.
Thus, SC-3 cell seem to be a model system
suitable for investigation of steroid hormone
actions in transformed target cells.
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