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Glucocorticoids act through the glucocorticoid receptor (GR), which can function as a transcriptional
activator or repressor, to elicit cytostatic and cytotoxic effects in a variety of cells. The molecular mechanisms
regulating these events and the target genes affected by the activated receptor remain largely undefined. Using
cultured human osteosarcoma cells as a model for the GR antiproliferative effect, we demonstrate that in U20S
cells, GR activation leads to irreversible growth inhibition, apoptosis, and repression of Bcl2. This cytotoxic
effect is mediated by GR’s transcriptional repression function, since transactivation-deficient mutants and
ligands still bring about apoptosis and Bcl2 down-regulation. In contrast, the antiproliferative effect of GR in
SAOS2 cells is reversible, does not result in apoptosis or repression of Bcl2, and is a function of the receptor’s
ability to stimulate transcription. Thus, the cytotoxic versus cytostatic outcome of glucocorticoid treatment is
cell context dependent. Interestingly, the cytostatic effect of glucocorticoids in SAOS2 cells involves multiple
GR activation surfaces. GR mutants and ligands that disrupt individual transcriptional activation functions
(activation function 1 [AF-1] and AF-2) or receptor dimerization fail to fully inhibit cellular proliferation and,
remarkably, discriminate between the targets of GR’s cytostatic action, the cyclin-dependent kinase inhibitors
p21€P! and p27¥®!, Induction of p21“?' is agonist dependent and requires AF-2 but not AF-1 or GR
dimerization. In contrast, induction of p27%"®! is agonist independent, does not require AF-2 or AF-1, but
depends on GR dimerization. Our findings indicate that multiple GR transcriptional regulatory mechanisms
that employ distinct receptor surfaces are used to evoke either the cytostatic or cytotoxic response to glucocor-

ticoids.

Glucocorticoid hormones regulate a variety of biological
processes, including carbohydrate, lipid, and protein metabo-
lism, cell growth and proliferation, development, and repro-
duction. In most cell contexts, glucocorticoids exert antiprolif-
erative effects, which has prompted their use clinically as a part
of anticancer therapy for a diverse range of dysplasias, includ-
ing lymphoproliferative disorders and several solid tumors (20,
30, 71). The molecular basis of the antiproliferative action of
these compounds, however, is not fully understood. Glucocor-
ticoids exert their effects by activating the glucocorticoid re-
ceptor (GR), a ligand-dependent transcriptional regulator that
transduces the hormonal signal into the nucleus to alter the
expression of target genes. Transcriptional responses triggered
by the hormone-activated GR include both positive (activa-
tion) and negative (repression) regulation, depending on the
DNA sequences in the target promoters, termed glucocorti-
coid response elements (GRESs), to which the receptor binds.
A canonical or simple GRE is an imperfect palindrome (14,
46) which allows the binding of the GR head-to-head dimer
(58), leading to enhanced transcription initiation from the tar-
get promoter. Examples of more complex GR-responsive
genes include (i) promoters with composite GREs containing
an interacting surface both for the receptor and for the non-
receptor enhancer-binding factor(s) and (ii) promoters which
lack GR-binding sequences altogether but to which the recep-
tor is tethered through an interacting protein. At composite

* Corresponding author. Mailing address: Department of Microbi-
ology and the Kaplan Comprehensive Cancer Center, New York Uni-
versity School of Medicine, New York, NY 10016. Phone: (212) 263-
7662. Fax: (212) 263-8276. E-mail: garabm01@mcrcr.med.nyu.edu.

5036

and tethering elements, GR appears to function as a monomer
and can either activate (84, 85) or repress (25, 63, 80) tran-
scription, depending on the promoter and the receptor-inter-
acting protein(s) bound at a site.

Like other steroid receptors, GR is composed of three dis-
tinct domains, including an N-terminal transcriptional regula-
tory region, a central DNA-binding domain (DBD), and a
C-terminal signalling domain involved in ligand binding. Two
parts of the receptor molecule have been shown to possess an
intrinsic ability to activate transcription when tethered to
DNA. A hormone-independent activation function 1 (AF-1) is
located at the receptor N terminus between amino acids 202
and 264 (using the rat GR numbering scheme); the activity of
this domain can be both positively and negatively regulated by
phosphorylation (49, 76, 78). Point mutations in this region
severely compromise the transcriptional activity of AF-1 (4,
43). The second transcriptional regulatory function, AF-2,
maps to the receptor ligand-binding domain (LBD) and is
dependent on agonist for activity. The transcriptional activity
of AF-2 is mediated by a group of steroid receptor coactiva-
tors, including the p160 family (steroid receptor coactivator 1
[SRC1], GR-interacting protein 1 [GRIP1], and ACTR),
CREB-binding protein/p300, and PCAF, which associate with
the GR LBD in a hormone-dependent manner (7, 17, 41, 68,
82, 91). Thus, ligand induces the LBD to acquire a conforma-
tion promoting the interaction with coactivators, which in turn
facilitates transcription initiation.

In contrast to transcriptional activation domains, the GR
regions responsible for transcriptional repression do not map
to a distinct domain. This can be explained in part by the fact
that GR-mediated repression involves both protein-DNA and
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protein-protein interactions between the receptor and a non-
receptor factor, such as AP-1 (25, 101, 103) or NF-«B (11, 23,
53, 99). Therefore, specific promoter contexts dictate which
individual GR domains are required for these interactions and
thus for transcriptional repression.

In many cell types, GR activation leads to a G, cell cycle
arrest; this cytostatic condition is often reversible, such that
upon withdrawal of glucocorticoid the cells reenter the cell
cycle (83, 87). In other cell types, glucocorticoid treatment is
cytotoxic and irreversible and results in programmed cell death
(PCD) or apoptosis (16, 24, 62, 64). The transcriptional regu-
latory mechanisms underlying the cytostatic versus the cyto-
toxic effects of GR and the target genes affected by the recep-
tor have not been determined.

Regulation of the G,-to-S phase transition in the mamma-
lian cell cycle can be viewed as a balance between growth-
promoting and growth-inhibitory factors. Mitogenic proteins
include cyclins, cyclin-dependent kinases (CDKs), CDK regu-
latory kinase and phosphatase (CAK and CDC25), and tran-
scription factors E2F and cMyc (21, 60, 65, 86). Antimitogenic
proteins include Rb (8, 59, 96) and CDK-inhibitory proteins
(CDIs), which comprise two distinct subfamilies based on
structural and functional homologies: the INK subfamily (p15,
p16, p18, and p19) and the Cip/Kip subfamily (p21<'P!, p27<iP!,
and p57%'P?) (33). With respect to the antimitogenic effect of
GR, it has been demonstrated that receptor activation leads to
down-regulation of several growth-promoting factors, includ-
ing cMyc, cyclin D3, and CDK4 (75). It has recently been
shown that in some cell types, the level of p21<'P! (hereafter
referred to as p21) increases in response to GR activation (72,
77). A GR-responsive element in the p21 promoter has been
localized to a binding site for CCAAT/enhancer-binding pro-
tein a (C/EBPa) (13, 22), whose expression is also GR induc-
ible (73). However, rapid protein synthesis-independent induc-
tion of p21 by glucocorticoids suggests a direct transcriptional
effect of GR on the p21 promoter, in addition to C/EBPa-
dependent stimulation of p21 expression. The tissue and cell
specificities of such regulation and the relationships between
individual cell cycle regulatory proteins affected by GR are not
understood.

Cellular apoptosis appears to be a pathway common to many
cell types, including cells of lymphoid and neuronal origin,
neutrophils, fibroblasts, and a variety of cultured cell lines (6,
18, 28, 70). GR-induced growth inhibition and apoptosis may
result from a failure to differentiate due to a lack of, for
example, essential cytokines, growth factors, or extracellular
matrix (44). The combined efforts of many laboratories have
partially dissected the complex signalling pathways resulting in
PCD. Like other signalling cascades, the cell death program
involves several protein families, including the interleukin 13-
converting-like enzymes (ICE proteases), cysteine-containing
aspartate-specific proteases termed caspases, and the Bcl2
family, which function at distinct steps of the apoptotic path-
way (19, 89, 102). Adding to this complexity, the Bcl2 family
includes both proapoptotic (Bax, Bad, and Bclyg) and anti-
apoptotic (Bcl2 and Bcly, ) factors (1). Thus, Bcl2 overexpres-
sion can rescue thymocytes from glucocorticoid-induced cell
death; however, cell survival depends on the relative abun-
dances of Bcl2 and Bax present in cells (5, 27, 81). With respect
to glucocorticoid-induced apoptosis, it has been demonstrated
that eliminating caspase 9, but not caspase 3, activity prevents
GR-dependent cell death (32, 100). The primary targets re-
sponsible for initiating the apoptotic cascade in response to
GR activation and transcriptional events that comprise the
GR-induced cytotoxic pathway remain elusive.

We have developed a cultured cell system to study GR-
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mediated cell cycle arrest by using two GR-negative human
osteosarcoma cell lines, U20S and SAOS2. These cell lines
provide a powerful tool for dissecting the mechanisms of GR-
mediated cell growth inhibition due to the inherent differences
in G, regulatory proteins present in these cells: U20S cells are
p53 and Rb positive and express all three D-type cyclins (D1,
D2, and D3), whereas SAOS2 cells lack Rb and p53 and pro-
duce only cyclin D3 (26). Ectopic expression and activation of
the wild-type (wt) rat GR in both cell lines lead to cell cycle
arrest at the G, stage and morphological alterations, although
distinct subsets of genes appear to be affected. GR activation
in U20S cells represses the proliferation-promoting factors
CDK4, D-type cyclins, E2F, and cMyc, whereas in SAOS2
cells, it enhances the expression of the CDIs p21 and p27%P!
(hereafter referred to as p27) (77).

To elucidate the transcriptional mechanisms that determine
the choice between the cytostatic and cytotoxic pathways ini-
tiated by GR, we generated U20S and SAOS?2 cell lines stably
expressing GR mutants that uncouple receptor-dependent
transcriptional activation from repression. We examined wheth-
er cells were undergoing PCD and assessed the expression of a
variety of apoptosis-related gene products in both cell types.
Using genetic and pharmacological approaches, we analyzed
glucocorticoid induction of p21 and p27 and found that mul-
tiple mechanisms of GR transcriptional activation govern cell
cycle arrest in SAOS2 cells. We demonstrate that enhanced
expression of both p21 and p27, but not either one alone, is
necessary to effect GR-mediated cell cycle arrest. Our findings
reveal distinct, previously unexpected modes of transcriptional
activation involved in CDI induction and the cytostatic effect of
glucocorticoids, while the cytotoxic effect of GR is a function of
transcriptional repression. Understanding the transcriptional
regulatory mechanisms triggering the cytotoxic versus cyto-
static effects of GR may ultimately lead to the identification of
novel therapies for cancers that exploit the cytotoxic action of
glucocorticoids.

MATERIALS AND METHODS

Cell lines and treatments. Human osteosarcoma cell lines U20S and SAOS2
were obtained from the American Type Culture Collection (ATCC HTB no. 96
and 85, respectively) and maintained in Dulbecco’s modified Eagle medium
(DMEM) (Gibco BRL, Grand Island, N.Y.) supplemented with 10% fetal bo-
vine serum (FBS) (HyClone Laboratories, Inc., Logan, Utah), 50 Units each of
penicillin and streptomycin per ml (Gibco BRL), and 2 mM L-glutamine (Gibco
BRL). Generation of U20S and SAOS?2 clones expressing the full length wt rat
GR [U20S-GR(+) and SAO2-GR(+) cells] and of control GR-negative clones
has been previously described (77). To generate cell lines ectopically expressing
GR derivatives, 50% confluent U20S and SAOS2 cells were transfected with
pCMV-30iiB, pCMV-LS7, or pCMV-dim expression vectors (15 pg of DNA per
100-mm-diameter dish) by the calcium phosphate precipitation method. Stable
transformants were selected by culturing transfected cells in the presence of 1 mg
of Geneticin (G418) (Gibco BRL; 70% active compound) per ml for 2 months
and were further maintained in 10% FBS-DMEM supplemented with 500 p.g of
G418 per ml. The expression of the GR derivatives in selected clones was verified
by immunoblotting with GR-specific antibodies (see “Western blotting” below).
Based on the results of indirect immunofluorescence with GR-specific antibod-
ies, only clones homogeneously expressing GR were selected for the experi-
ments. To examine the effects of GR activation on cell proliferation, cell death,
protein expression, and steady-state mRNA levels, cells were cultured in 10%
FBS-DMEM supplemented with 100 nM dexamethasone (Dex) (Sigma, St.
Louis, Mo.) (dissolved in 100% ethanol), 100 nM RU 486 (dissolved in 100%
ethanol), 100 nM ZK 299 (dissolved in 100% ethanol), or an equal volume of
100% ethanol for the indicated times.

Plasmids and ¢DNAs. The 30iiB (E219K/F220L/W234R) (43), LS7 (P493R/
A4945) (31), and dimerization-deficient (R479D/D481R) (56) mutants of the
full-length rat GR were individually subcloned into the BamHI site of the
pCMV-Neo" expression vector. For transient transfections, an XG,,TL reporter
plasmid, containing two consensus GREs upstream of the thymidine kinase
promoter (position —109) linked to a luciferase gene was used to assay GR
transcriptional activity. An XAPITL reporter plasmid, containing a single AP-1
binding site upstream of the thymidine kinase promoter fused to a luciferase
gene, was used to assay transcriptional repression. The pCMV-LacZ plasmid
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produced B-galactosidase (B-Gal). For the labeling reaction in Northern blot
analysis, full-length human p21©P! cDNA was excised from the Bluescript (pBS)
Xhol site.

Cell proliferation assays. U20S and SAOS2 cell lines ectopically expressing wt
GR or receptor substitution derivatives were seeded into six-well plates (15,000
and 20,000 cells/well, respectively) on day 0 and cultured in the presence of
ethanol vehicle, 100 nM Dex, or 100 nM RU 486 (see “Cell lines and treatments”
above). On the indicated days, cells were trypsinized, resuspended in DMEM,
stained by the trypan blue exclusion method, and counted with a hemocytometer.

Assay for PCD. Coverslips were placed in 24-well plates, precoated with 0.5 ml
of 0.1-mg/ml poly-D-lysine (Boehringer Mannheim Biochemicals, Indianapolis,
Ind.) in phosphate-buffered saline (PBS) for 5 min, and washed once with PBS.
U20S and SAOS2 GR-expressing cells were seeded onto coverslips; cultured in
the absence or presence of 100 nM Dex for 24, 48, or 72 h; washed five times with
PBS; and fixed in 4% paraformaldehyde in PBS for 20 min at room temperature.
Cells were then permeabilized by incubation with 0.2% Triton X-100 (Bio-Rad
Laboratories, Hercules, Calif.) in PBS and subjected to terminal deoxynucleoti-
dyltransferase-mediated dUTP nick end labeling (TUNEL) assay (Promega Cor-
poration, Madison, Wis.) as per the manufacturer’s instructions. Coverslips were
mounted onto Citifluor (Ted Pella, Redding, Calif.), and cells were visualized
and photographed under a fluorescence microscope with a standard fluorescein
filter set at a wavelength of 520 nm to view incorporated fluorescein-12-dUTP
and at a wavelength of 620 nm to view red propidium iodide staining.

Transient transfections and reporter activity assays. U20S-GR(+) cells were
plated on 60-mm-diameter dishes in DMEM-10% FBS. One hour prior to
transfection, cells were refed with fresh medium and transfected with the indi-
cated plasmids via the calcium phosphate precipitation method. Five hours later,
cells were washed three times with prewarmed PBS to remove calcium phosphate
precipitates, allowed to recover for 3 h in DMEM-10% FBS, and incubated with
fresh medium containing 100 nM Dex or 100 nM RU 486, where indicated, for
an additional 12 h.

Transfected cells were washed twice in PBS and harvested in 1X Reporter
Lysis Buffer (Promega). Luciferase activity was quantified in a reaction mixture
containing 25 mM glycylglycine (pH 7.8), 15 mM MgSO,, 1 mM ATP, 0.1 mg of
bovine serum albumin per ml, and 1 mM dithiothreitol. A Lumat LB 9507
luminometer (EG&G Berthold) was used with 1 mM b-luciferin (Analytical
Luminescence Laboratory) as the substrate. Lysates were additionally assayed
for B-Gal activity as described elsewhere (2).

Western blotting. To analyze changes in protein expression, U20S and SAOS2
cells were treated for 3 days as described above, harvested in PBS, and lysed in
25 to 100 pl of the lysis buffer (150 mM NaCl, 50 mM HEPES [pH 7.5], 1 mM
EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 mM NaF, 25 uM ZnCl,)
supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride
[Sigma] and 1 pg each of aprotinin, pepstatin A, and leupeptin [Boehringer
Mannheim Biochemicals, Indianapolis, Ind] per ml) for 15 min on ice. Cell
lysates were clarified by centrifugation (10,000 X g for 15 min at 4°C), the total
protein concentration was adjusted with the lysis buffer, and samples were boiled
in an equal volume of 2X sodium dodecyl sulfate sample buffer. For Western
blotting, protein extracts were separated by Tris-glycine—4 to 20% gradient poly-
acrylamide gel electrophoresis (Novex, San Diego, Calif.), transferred to Immo-
bilon paper (Millipore Corp., Bedford, Mass.), and probed with mouse mono-
clonal antibodies against GR (BuGR2) (29), Bcl2 (B46620), TIAR (T33520),
ICH-1L (129120), Fas ligand (F37720), p27%iP! (K25020), p21<P! (C24420), and
CAS (42920) (Transduction Laboratories, Lexington, Ky.) or rabbit polyclonal
antisera against ERK (sc-4024; Santa Cruz Biotechnology, Inc., Santa Cruz,
Calif.) and CDK4 (06-139; Upstate Biotechnology Inc., Lake Placid, N.Y.). The
blots were developed by using either alkaline phosphatase-conjugated goat anti-
mouse antibodies (Bio-Rad Laboratories) followed by the addition of the 5-bro-
mo-4-chloro-3-indoyl phosphate-Nitro Blue Tetrazolium phosphatase substrate
(Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.) or horseradish per-
oxidase-coupled goat anti-mouse (Transduction Laboratories) or donkey anti-
rabbit antibodies and the enhanced chemiluminescence substrate (Amersham
International plc, Amersham, United Kingdom) as per the manufacturer’s in-
structions.

Northern blotting. Cells were cultured in 100-mm-diameter dishes for various
periods of time with appropriate treatments (see the figure legends), the media
were aspirated, and cells were lysed directly on the dishes by adding 3 ml of
Ultraspec RNA reagent (BIOTEXC Laboratories, Inc., Houston, Tex.) per dish.
Total RNA was isolated from cell homogenates as per the manufacturer’s in-
structions, denatured at 65°C for 15 min, chilled on ice, and separated on a 1.2%
agarose—6% formaldehyde denaturing gel (5 to 8 ug of RNA/lane). Equivalent
loading was verified by ethidium bromide staining of rRNA. RNA was trans-
ferred to a Duralon membrane (Stratagene, La Jolla, Calif.) as previously de-
scribed (79), UV-cross-linked to the membrane, and hybridized to a cDNA
probe for p21 mRNA by using QuikHyb hybridization mix (Stratagene) as per
the manufacturer’s instructions. A cDNA fragment coding for p21 was labeled
with [a-*?P]dCTP by using a RediPrime random priming labeling kit (Amer-
sham) as per the manufacturer’s instructions. Blots were washed and exposed to
Kodak BioMax film for 2 to 24 h at —80°C for autoradiography.
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FIG. 1. Transcriptional regulatory responses of GR derivatives and ligands.
Rat GR derivatives ectopically expressed in U20S and SAOS2 cells are shown.
The GR DBD, LBD, and N-terminal and C-terminal transcriptional activation
functions (AF-1 and AF-2, respectively) are indicated. The GR A4C1 mutant
lacks amino acids 70 to 300. The 30iiB mutant contains three amino acid sub-
stitutions in AF-1 (E219K, F220L, and W234R). The LS7 mutant contains two
point mutations, P493R and A494S, in the second zinc finger of the GR DBD.
The dimer (dim) mutant contains two mutations, R479D and D481R, which
disrupt the GR dimerization interface. The locations of the point mutations are
shown with stars. The ability of each derivative to activate and repress transcrip-
tion is summarized based on previously published studies (see text for referenc-
es); +, —, and +/— represent a transcriptionally competent, a transcriptionally
inactive, or a context-dependent phenotype, respectively. A question mark indi-
cates that the phenotype has not been characterized. The transcriptional regu-
latory responses of the wt GR bound by the full agonist Dex, the partial agonist
RU 486 (RU), and the antagonist ZK 299 (ZK) are also shown.

RESULTS

Ectopic expression and activation of wt GR induces PCD in
U20S but not SAOS2 human osteosarcoma cells. Activation of
the ectopically expressed wt rat GR by the glucocorticoid Dex
(Fig. 1) in U20S and SAOS2 human osteosarcoma cells inhib-
its cell proliferation, inducing G,/G, cell cycle arrest and mor-
phological alterations in both cell lines (77). To examine
whether the effects of Dex were cytostatic or cytotoxic, we first
addressed whether cell growth arrest in either cell line was
reversible after Dex is withdrawn from the culture medium.
Figure 2A (top panel) demonstrates that in U20S-GR(+)
cells, 1 day of Dex treatment is sufficient to delay cell prolif-
eration, whereas longer treatment (2 to 3 days) causes irre-
versible cell growth arrest. In contrast, SAOS2-GR(+) cells
resume cell division as soon as Dex is withdrawn, even after a
3-day course of continuous Dex treatment (Fig. 2B, top panel).
These results suggest that a short-term exposure of U20S-
GR(+) cells to the GR agonist Dex commits cells to irrevers-
ible cell cycle arrest, whereas inhibition of SAOS2-GR(+) cell
proliferation is dependent upon the continuous presence of
Dex in the medium.

Alternative outcomes of hormone-dependent cell growth in-
hibition suggest that different pathways may underlie the an-
timitogenic effects of glucocorticoids in U20S versus SAOS2
cells. To assess whether these cells underwent PCD, U20S-
GR(+) and SAOS2-GR(+) cells were cultured in the presence
of 100 nM Dex for 0, 24, 48, and 72 h and subjected to TUNEL
assays. Figure 2B (bottom panel) illustrates that U20S-GR(+)
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FIG. 2. GR activation induces apoptosis in U20S but not SAOS2 cells. (Top panels) U20S-GR(+) (A) and SAOS2-GR(+) (B) cells were seeded on day 0 into
six-well plates (15,000 and 25,000 cells/well, respectively) in the presence of 100 nM Dex where indicated. Cells were refed at 24 (1 day Dex), 48 (2 days Dex), or 72
(3 days Dex) h with hormone-free medium. Nontreated and continuously (cont.) Dex-treated cells were cultured in the absence or presence of Dex, respectively,
throughout the experiment. On the indicated days cells were trypsinized, stained with trypan blue, and counted with a hemocytometer. (Bottom panels) GR-expressing
U20S (A) and SAOS2 (B) cells were cultured in the presence of 100 nM Dex for 24, 48, or 72 h and subjected to the TUNEL assay as described in Materials and
Methods. Fluorescence microscopy was performed with a standard fluorescein filter set at a wavelength of 520 nm to view fluorescein-12-dUTP incorporated into DNA
nicks. Note multiple apoptotic nuclei in U20S-GR(+) cells treated with Dex for 24 h. No apoptotic nuclear morphology was detected in SAOS2-GR(+) cells treated

with Dex for 24, 48 (shown), or 72 h.

cells undergo apoptosis upon Dex treatment (up to 30% of
cells at 48 h). In contrast, no apoptotic nuclear morphology
was observed in SAOS2-GR(+) cells (Fig. 2B, bottom panel).
Thus, GR activation in U20S but not SAOS2 cells induces
apoptosis.

GR activation in U20S but not SAOS2 cells results in re-
duced expression of the antiapoptotic protein Bcl2. Since
U20S-GR(+) but not SAOS2-GR(+) cells undergo apoptosis
in response to GR activation, we compared the expression of
proapoptotic and antiapoptotic proteins that may be differen-
tially regulated in the two cell lines. U20S-GR(+) and GR-
negative U20S cells were cultured in the presence or absence
of Dex for 48 h, and the expression of apoptosis-related gene
products was examined by immunoblotting. Figure 3A demon-
strates that Dex treatment results in reduced expression of the
antiapoptotic factor Bcl2 and a cellular apoptosis susceptibility
protein (CAS) (9), whereas the levels of several other apopto-
sis-associated proteins, such as cytotoxic TIA-1-related protein
(47), FAS ligand, and caspase 2 (ICH-1L) protease (94) were
not altered (Fig. 3C). We have also observed a slight decrease
in the concentration of another Bcl2 family member, Bcly,, in
U20S-GR(+) cells (data not shown). Interestingly, in SAOS2-
GR(+) cells, in which Bcl2 expression was not affected by Dex
treatment, the expression of CAS was reduced (Fig. 3B). Since
SAOS2 cells do not undergo PCD upon GR activation, de-
creased CAS expression is apparently not sufficient for apo-
ptosis to occur. Previous studies have indicated that CAS ex-
pression closely correlates with cell proliferative potential:
CAS protein is highly expressed in actively dividing cells in vivo

and in transformed cancer cell lines, whereas in nondividing
cells the expression is low (10, 97). Consistent with these ob-
servations, GR-induced cell cycle arrest results in a reduction
of the CAS level in both cell lines. We have therefore used
CAS expression as a marker for cell proliferation in our sub-
sequent experiments. In contrast, reduced Bcl2 expression was
specific to U20S-GR(+) cells, suggesting that repression of
antiapoptotic factors may play a role in GR-induced PCD.
The GR transcriptional activation-deficient mutants are
competent for cell cycle arrest and apoptosis in U20S cells. To
further elucidate the mechanisms of GR-induced apoptosis in
U20S cells, we sought to uncouple receptor-mediated tran-
scriptional activation from transcriptional repression by utiliz-
ing several receptor mutants and ligands. Two GR derivatives
that could potentially uncouple activation from repression
were individually introduced into U20S cells (see Materials
and Methods). The first mutant, termed LS7, contains two
point mutations, P493R and A494S, in the second zinc finger of
the GR DBD (Fig. 1) and has previously been used to char-
acterize receptor functions responsible for executing glucocor-
ticoid-mediated apoptosis in human T cells (37). The mutant is
competent for transcriptional repression, whereas its ability to
activate transcription is impaired under conditions of overex-
pression (31, 52). The second mutant, termed dim (Fig. 1),
contains a different pair of mutated residues in the dimeriza-
tion loop of the second zinc finger in the GR DBD, R479D and
D481R. wt R479 and D481 form arginine-to-aspartate salt
bridges between the GR monomers, thereby stabilizing the
dimer (56, 58). The R479D/D481R double mutation reduces
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FIG. 3. Expression of apoptosis-related proteins in U20S-GR(+) and
SAOS2-GR(+) cells. U20S (A and C) and SAOS2 (B) cells expressing wt GR
or receptor-deficient control (con) GR-negative cells were cultured in the ab-
sence (—) or presence (+) of 100 nM Dex for 2 days, and whole-cell lysates were
prepared (see Materials and Methods). Equal amounts of total protein were
resolved on a Tris-glycine—4 to 20% gradient polyacrylamide gel, transferred to
Immobilon paper, and probed with antibodies against Bcl2, CAS, ERK, TIAR,
ICH-1L, and Fas ligand. Equal loading in each lane is demonstrated by probing
with an anti-ERK antibody. Each blot is representative of two or more indepen-
dent experiments.

dimer formation and cooperative DNA binding at a consensus
single GRE, leading to a decrease in transcriptional activation
relative to that of the wt GR (57). The mutant takes advan-
tage of the fact that GR is recruited to simple GREs as a
homodimer, whereas at most GR-repressible elements the re-
ceptor functions in its monomeric form. Therefore, partial
disruption of a dimerization interface by a point mutation(s)
selectively reduces transcriptional activation mediated by clas-
sical GREs but preserves transcriptional repression (36, 38).
On the basis of the described phenotypes of the LS7 and dim
mutants, we speculated that if transcriptional repression by
GR is indeed responsible for the cell cycle arrest and apoptosis
in U20S cells, then both mutants should function like the wt
GR in this context.

Multiple clones expressing the LS7 and the dim mutants
were generated in U20S cells (where both mutants are com-
petent for GR-mediated transcriptional repression of an AP-
1-responsive reporter [data not shown]) and assayed for their
ability to proliferate in the presence of Dex along with a
U20S-GR(+) clone. Consistent with our hypothesis, U20S-
LS7 and U20S-dim clones underwent hormone-dependent in-
hibition of cell proliferation similar to that in U20S-GR(+)
cells (Fig. 4A). In addition, within 24 h of Dex treatment, we
observed morphological alterations in cells expressing the LS7
or the dim mutant identical to those induced by the wt GR in
U20S cells, and TUNEL analysis demonstrated Dex-depen-
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FIG. 4. The GR LS7 and dimer mutants function like the wt GR in U20S
cells. U20S-LS7 and U20S-dim clones were generated as described in Materials
and Methods. (A) The GR LS7 and dimerization mutants induce cell cycle arrest
in U208 cells. U20S-GR(+) (wt GR), U20S-LS7 (LS7), and U20S-dim (dim)
clones were seeded on day 0 into six-well plates in duplicate and cultured in the
absence or presence of 100 nM Dex as indicated. The total numbers of viable
cells were determined on days 2, 4, and 6 by the trypan blue exclusion method.
The graph represents cell counts on day 6. (B and C) The GR LS7 (B) and dim
(C) mutants repress the expression of CAS, Bcl2, and CDK4. U20S cells ex-
pressing the wt GR or the LS7 or dim mutant were cultured in the absence or
presence of 100 nM Dex for 40 h and harvested, and the expression of CAS, Bcl2,
CDK4, and ERK was assessed by immunoblotting as described in Materials and
Methods. Similar results were obtained with at least three independent clones
expressing each GR mutant.

dent apoptosis in U20S-LS7 and U20S-dim cells (data not
shown). The expression of the cell cycle regulatory proteins
and cell death mediators was assessed in LS7- and dim-ex-
pressing cells and compared to that in U20S-GR(+) cells. As
demonstrated for the wt GR (Fig. 3A) (77), both mutant de-
rivatives reduce the expression of CAS, Bcl2, and CDK4 (Fig.
4B and C), further suggesting that transcriptional repression of
survival factors by the LS7 or dimerization-deficient GR mu-
tants is sufficient to execute cell cycle arrest and apoptosis in
U20S cells.

RU 486 functions as a GR agonist in U20S-GR(+) cells. We
next examined whether GR-mediated cell cycle arrest and ap-
optosis in U20S cells were agonist dependent or could also be
induced by partial agonists, such as RU 486 (Fig. 1). RU
486-bound GR translocates to the nucleus and binds DNA but
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does not efficiently activate transcription, whereas its ability to
repress transcription is retained in certain cell type and pro-
moter contexts (35, 53, 55). We asked whether RU 486 acts as
a GR antagonist or as a partial agonist with respect to the
receptor’s cell growth-inhibitory properties in U20S-GR(+)
cells. Interestingly, RU 486 treatment inhibited cell cycle pro-
gression in U20S-GR(+) cells (Fig. 5A) and induced changes
in cell morphology similar to those triggered by Dex (data not
shown). The cell survival marker Bcl2 was repressed in an RU
486-dependent fashion (Fig. 5B), suggesting that in U20S-
GR(+) cells, this ligand behaves like the GR agonist Dex. In
contrast, in the presence of a pure antagonist, ZK 299 (Fig. 1),
GR did not inhibit cell proliferation (data not shown) or re-
press Bcel2 (Fig. 5C). Furthermore, ZK 299 was able to partially
counteract the repressive effect of Dex on Bcl2 expression
when both ligands were added to U20S-GR(+) cells simulta-
neously (data not shown). Thus, GR-mediated growth arrest
and apoptosis in U20S cells occur in the presence of a partial
GR agonist, RU 486, but not a pure antagonist, ZK 299. We
then compared the effects of Dex and RU 486 on GR-medi-
ated transcriptional activation and repression of transiently
introduced GR-inducible and GR-repressible reporter plas-
mids in the context of U20S cells. We found that Dex and RU
486 differ markedly in their ability to support GR transcrip-
tional activation, with Dex eliciting a 217-fold induction of the
GR-responsive reporter gene, while RU 486 treatment re-
sulted in only a 9-fold induction (Fig. 5D). In contrast, GR-
mediated transcriptional repression of the AP-1-responsive re-
porter gene by RU 486 and that by Dex were virtually identical
(Fig. SE). These results further support our hypothesis that
GR-mediated transcriptional repression is the likely mecha-
nism governing receptor-induced apoptosis in U20S-GR(+)
cells.

Cell cycle arrest in SAOS2 cells is independent of transcrip-
tional activation by AF-1. Our previous studies have suggested
that the integrity of the GR N terminus was essential for the
GR-dependent cell cycle arrest in SAOS2 cells, since deletion
of amino acids 70 through 300 (the GR A4C1 mutant [Fig. 1])
abolished the receptor’s cytostatic activity and enhancement of
p21 and p27 expression (77). However, in addition to elimi-
nating AF-1, this large deletion likely disrupts GR’s ability to
interact with putative cofactors necessary for cell cycle arrest in
SAOS?2 cells. To examine whether transcriptional activation by
the N-terminal AF-1 was required for CDI induction and cell
cycle arrest in SAOS2 cells, we sought to specifically disrupt
the function of AF-1 in the context of the full-length GR. A
GR mutant termed 30iiB (Fig. 1) containing three amino acid
substitutions (E219K, F220L, and W234R) (43) was previously
identified in a genetic screen for GR mutants with reduced
ability to activate transcription. While this mutant is competent
for transcriptional repression, its ability to activate transcrip-
tion through AF-1 is severely compromised in both yeast and
mammalian cells (43). We have generated multiple stable
SAOS2-30iiB clones (see Materials and Methods), and those
expressing the 30iiB mutant at levels comparable to the level of
the wt GR in SAOS2-GR(+) clones (Fig. 6B, top panel) were
analyzed. To evaluate the effects of the 30iiB mutant on cell
proliferation, SAOS2-30iiB cells were cultured in the presence
or absence of Dex, and the total number of viable cells was
determined. Surprisingly, activation of the 30iiB mutant in-
duced complete cell cycle arrest in SAOS2 cells (Fig. 6A). We
have also observed the characteristic morphology of Dex-
treated SAOS2-30iiB cells, including a significant increase in
size, “fried-egg” shape, and vacuolization of the cytoplasm
(data not shown), an appearance originally described as
“spreading” for Rb-transfected SAOS2 cells (39, 88, 90) as well
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FIG. 5. RU 486 functions as a GR agonist in the context of U20S-GR(+)
cells. (A) RU 486 inhibits proliferation of U20S-GR(+) cells. U20S-GR(+)
cells were seeded on day 0 into six-well plates (15,000 cells/well) in duplicate and
cultured in the presence of an ethanol vehicle, 100 nM Dex, or 100 nM RU 486.
The total number of viable cells was determined on the indicated days. (B)
Expression of Bcl2 is repressed in both Dex-treated and RU 486-treated U20S-
GR(+) cells. U20S-GR(+) cells were cultured in the presence of an ethanol
vehicle, 100 nM Dex, or 100 nM RU 486 for 40 h, and expression of Bcl2 and
ERK in whole-cell extracts was examined by immunoblotting as described in
Materials and Methods. (C) ZK 299 is a pure GR antagonist in U20S cells.
U20S-GR(+) cells were cultured in the presence of an ethanol vehicle, 100 nM
Dex, or 100 nM ZK 299 for 40 h, and expression of Bcl2 and ERK in whole-cell
extracts was examined by immunoblotting. (D) RU 486 is a weak agonist with
respect to GR transcriptional activation in U20S-GR(+) cells. U20S-GR(+)
cells were seeded in 6-cm-diameter dishes (120,000/dish) and transfected the
following day via the calcium phosphate precipitation method with an XG,TL
reporter plasmid (4 pg/dish) and a pCMV-LacZ plasmid (0.75 pg/dish) as an
internal control for transfection efficiency. Transfected cells were treated with an
ethanol vehicle (—), 100 nM Dex, or 100 nM RU 486 (RU) for 12 h, and GR
transcriptional activation was assessed via luciferase assay, normalized to B-Gal
activity, and expressed as relative luminescence units (RLU). (E) RU 486 is a
potent agonist with respect to GR-mediated transcriptional repression in U20S-
GR(+) cells. Cells were transfected with an XAP1TL reporter plasmid and a
pCMV-LacZ plasmid, and GR transcriptional repression was assessed as de-
scribed for panel D.
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FIG. 6. Transcriptional activation by the GR AF-1 is dispensable for cell
cycle arrest in SAOS2 cells. (A) The GR 30iiB mutant induces complete cell
cycle arrest in SAOS2 cells. SAOS2-30iiB stable transformants were generated as
described in Materials and Methods. SAOS2-30iiB clones were seeded on day 0
into six-well plates (20,000 cells/well) and cultured in the absence or presence of
100 nM Dex. Total numbers of viable cells were determined on the indicated
days by using the trypan blue exclusion method. (B) Induction of p21 and p27 by
the GR 30iiB mutant. SAOS2-GR(+) (wt GR) and SAOS2-30iiB (30iiB) cells
were cultured in the presence of 100 nM Dex or ethanol vehicle for 3 days, and
whole-cell extracts were prepared and subjected to immunoblotting for GR, p27,
p21, and ERK. Note the induction of p21 and p27 by both the wt GR and the
30iiB mutant. (C) Time course of p21 mRNA induction. SAOS2-GR(+) (wt
GR) and SAOS2-30iiB (30iiB) cells were treated with 100 nM Dex for 0, 15, 30,
60, and 120 min, and total RNA was isolated and subjected to Northern blot
analysis with a ?P-labeled p21 cDNA probe (top panels). Equal loading in each
lane is demonstrated by ethidium bromide staining of the 28S rRNA (bottom
panels).

as hormone-arrested SAOS2-GR(+) cells (77). Activation of
both the wt and the mutant receptors results in a decrease of
GR protein concentration (Fig. 6B), a process termed homol-
ogous down-regulation (12, 66). Importantly, the 30iiB mutant
induced both p27 and p21 to levels comparable to those elic-
ited by the wt GR (Fig. 6B); the magnitude and kinetics of the
p21 mRNA induction by the wt GR and the 30iiB mutant were
indistinguishable (Fig. 6C). Thus, the presence of the GR N
terminus, but not transcriptional activation by AF-1 per se, is
required for the cell cycle arrest and enhanced expression of
CDIs in SAOS2 cells. These findings indicate that additional
GR transcriptional regulatory functions are operating to en-
hance p21 and p27 expression.

The GR LS7 mutant is competent for cell cycle arrest and
induction of CDIs in SAOS2 cells. Since functional AF-1 ap-
peared to be dispensable for GR-mediated cell cycle arrest and
the induction of CDIs in SAOS2 cells, we examined whether
GR transcriptional activation in general is required for these
responses. We first employed the GR LS7 mutant (Fig. 1),
whose transcriptional activation is reportedly similar to the
activity of the wt GR at low levels of receptor expression;
however, under conditions of overexpression, LS7 exhibits a
transactivation-deficient phenotype due to self-squelching
(52). Thus, in the context of stable expression in SAOS2 cells,

MoL. CELL. BIOL.

125000

cells/ml

B o

wtGR _LS7 con
Dex - + -+ - 4+

wt GR LS7

Dex - + - +

w.m. - p2!

FIG. 7. The GR LS7 mutant functions like the wt GR when stably expressed
in SAOS2 cells. (A) Inhibition of SAOS2 cell proliferation by the GR LS7
mutant. Multiple SAOS2-LS7 clones were generated as described in Materials
and Methods. SAOS2-LS7 cells were seeded on day 0 into six-well plates (20,000
cells/well) and cultured in the absence or presence of 100 nM Dex. Total num-
bers of viable cells were determined on the indicated days by using the trypan
blue exclusion method. Similar cell growth kinetics were observed in three
independent LS7-expressing clones. (B) The GR LS7 mutant induces the ex-
pression of p21 and p27 proteins. SAOS2-GR(+) (wt GR), SAOS2-LS7 (LS7),
and GR-negative SAOS2 (con) cells were cultured in the presence of 100 nM
Dex or ethanol vehicle for 3 days, and whole-cell extracts were prepared and
subjected to immunoblotting for GR, p27, p21, and ERK. Note the increase in
p21 and p27 protein in the wt GR- and LS7-expressing cells but not in the
GR-deficient control cells. (C) Induction of the steady-state p21 mRNA level by
the GR LS7 mutant. SAOS2-GR(+) (wt GR) and SAOS2-LS7 (LS7) cells were
treated with 100 nM Dex for 2 h 30 min where indicated, and total RNA was
isolated and hybridized to a 3?P-labeled p21 ¢cDNA probe (top panel). Equal
loading in each lane is demonstrated by ethidium bromide staining of the 28S
rRNA (bottom panel).
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where the level of ectopically expressed receptor is similar to
physiological levels of endogenous GR in mammalian cells, we
expected the mutant to induce the expression of CDIs and cell
cycle arrest as does the wt GR in SAOS2-GR(+) cells.

The LS7 mutant was stably introduced into SAOS?2 cells (see
Materials and Methods), and its expression was demonstrated
by immunoblotting (Fig. 7B, top panel) and indirect immuno-
fluorescence (data not shown). The LS7 mutant was competent
for inhibiting cell proliferation, down-regulating its own ex-
pression, or inducing p21 and p27 expression (Fig. 7A and B)
and “fried-egg” morphology (data not shown). Figure 7C dem-
onstrates similar levels of p21 mRNA induction by both the wt
GR and the activated LS7 mutant within 2.5 h of Dex treat-
ment. Thus, unlike LS7 stably introduced into Jurkat T cells
which exhibited reduced transcriptional activation from a tran-
siently transfected reporter construct (37), in the context of
SAOS?2 cells, the LS7 mutant does not display the self-squelch-
ing phenotype and is competent for activating endogenous
promoters, thereby acting like the wt GR.

Differential regulation of p21 and p27 in SAOS2 cells as
revealed by the GR dimerization-deficient mutant. Since the
LS7 mutant failed to uncouple transcriptional activation from
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FIG. 8. Dissociation of p21 induction from p27 induction in SAOS2 cells
through the GR dimerization mutant. (A) Inhibition of cell proliferation by the
GR dimerization-deficient mutant. SAOS2 clones stably expressing the GR dim
mutant were generated as described in Materials and Methods. SAOS2-GR(+)
and SAOS2-dim cells were seeded on day 0 into six-well plates (20,000 cells/well)
and cultured in the absence or presence of 100 nM Dex. Total numbers of viable
cells were determined on the indicated days. Note incomplete inhibition of cell
proliferation by the dim mutant compared to the wt GR-expressing clone. Quan-
titation of cell counts reveals 76% growth inhibition for the dim mutant and 96%
for the wt GR. Identical growth kinetics were demonstrated for three indepen-
dent clones expressing the GR dim mutant. (B) Induction of p21 but not p27
expression by the dim mutant. SAOS2 cells expressing the wt GR or the dimer-
ization-deficient mutant were cultured in the presence or absence of 100 nM Dex
for 3 days, and whole-cell extracts were prepared and subjected to immunoblot-
ting for GR, p27, p21, and ERK. Note the increase in p21 but not p27 protein in
the dim-expressing cells. (C) Induction of the steady-state p21 mRNA level by
the dim mutant. Hormone treatment, RNA isolation, and Northern hybridiza-
tion were performed exactly as described for Fig. 7C. Potent Dex-dependent
induction of p21 mRNA is observed in both SAOS2-GR(+) (wt GR) and
SAOS2-dim (dim) cells.
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repression in SAOS2 cells, we utilized the repression-compe-
tent dimerization-deficient mutant (dim [Fig. 1]). We reasoned
that if the induction of p21 and/or p27 in SAOS2 cells is
mediated by GR transcriptional activation through a classical
GRE, the dimerization mutant may fail to induce their expres-
sion and halt cell cycle progression. The GR dim mutant was
therefore stably introduced into SAOS2 cells, and its ability to
elicit cell cycle arrest was examined. Interestingly, dim-express-
ing cells underwent inhibition of cell proliferation but failed to
arrest completely [Fig. 8A; compare 96% growth inhibition in
SAOS2-GR(+) cells to 76% inhibition in SAOS2-dim cells at
day 9], a finding obtained for multiple independent clones.
Thus, the phenotypic consequences of the dim activation with
respect to the cell growth kinetics were reproducibly milder
than those induced by the wt GR or the 30iiB mutant. These
results did not reflect a heterogeneity of receptor expression
within the population, since based on the results of indirect
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immunofluorescence with GR-specific monoclonal antibodies,
only the clones homogeneously expressing GR (over 95%)
were selected for the experiments (data not shown). Further-
more, the expression levels of the dim mutant and the wt GR
were similar (Fig. 8B), suggesting that the inability of the
dimerization mutant to cause the cell cycle arrest is not a
function of reduced expression of the mutant receptor per cell.
Since p21 and p27 appeared to be important mediators of
GR-dependent cell growth arrest in SAOS2 cells, we analyzed
the possible changes in CDI expression triggered by the hor-
mone-activated dim mutant compared to the wt GR. Strik-
ingly, the mutant receptor was fully competent for inducing the
expression of p21, whereas p27 induction was abolished (Fig.
8B). The magnitudes of the p21 mRNA increases displayed by
the dim mutant and the wt GR were identical (Fig. 8C). To
eliminate the possible variability between the individual clones,
we have screened 20 independent lines stably expressing the
dim mutant and found that in all cases the dimerization-defi-
cient mutant enhanced expression of p21; in contrast, virtually
no increase in p27 expression was detected (data not shown).
Thus, the R479D/D481R (dim) mutation effectively uncouples
induction of p21 from that of p27 in SAOS2 cells, suggesting
that (i) enhanced expression of p21 is likely necessary but not
sufficient for complete cell cycle arrest, (ii) alterations of cel-
lular morphology correlate with p21 activation, and (iii) induc-
tion of p27, but not p21, is dependent on the intact GR dimer-
ization interface.

RU 486 uncouples enhanced expression of p27 from the
transcriptional induction of p21 in SAOS2 GR-expressing
cells. Our data on the GR domains responsible for cell cycle
arrest in SAOS2 cells suggested that although the presence of
the receptor N terminus is essential for cell cycle arrest and
CDI induction, transcriptional activation by AF-1 is not re-
quired for either. To evaluate the importance of the receptor
C-terminal transcriptional regulatory function (AF-2) for the
cell cycle arrest and enhanced expression of the CDIs, we used
a pharmacological approach and employed RU 486, which
prevents the productive interaction of the steroid receptor
LBD with the coactivator protein(s) necessary for transcrip-
tional activation via AF-2 (40, 98). SAOS2-GR(+) cells were
cultured in the presence of an ethanol vehicle, Dex, or RU 486,
and cell growth kinetics in each condition were assessed in a
cell proliferation assay. Interestingly, RU 486 inhibited cell
proliferation by only 69% at day 9, compared to 98% inhibition
observed in the presence of Dex (Fig. 9A). Consistent with the
results of the cell proliferation studies, ligand-dependent re-
duction of GR expression and down-regulation of CAS were
still evident in RU 486-treated cells, but to a lesser extent than
in Dex-treated SAOS2-GR(+) cells (Fig. 9B). Importantly,
RU 486-activated GR enhanced the expression of p27 as did
the Dex-activated receptor (Fig. 9B) but failed to efficiently
induce p21 at either the protein (data not shown) or mRNA
(Fig. 9C, left panel) level. Thus, a rapid increase of steady-state
p21 mRNA observed in Dex-treated SAOS2-GR(+) cells was
substantially reduced when RU 486 was used as a GR ligand.
Furthermore, the receptor LS7 mutant, which mimicked the wt
GR with respect to its potency to enhance the expression of
CDiIs in the presence of Dex, also retained its ability to induce
p27 (data not shown), but not p21, when activated with RU 486
(Fig. 9C, right panel). Thus, RU 486 uncoupled p21 induction
from p27 induction in the context of both the wt and LS7 GR
DBDs, suggesting that the receptor AF-2 and association with
coactivator proteins are required for enhanced expression of
p21, but not p27. These results further emphasize the differ-
ences between the regulation of the two CDK inhibitors: the
dimerization mutant was competent for p21 but not p27 induc-
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FIG. 9. Induction of CDI expression by the wt GR in SAOS2 cells is uncou-
pled by RU 486. (A) Differential effects of GR ligands on the proliferation of
SAOS2-GR(+) cells. SAOS2-GR(+) cells were seeded on day 0 into six-well
plates (20,000 cells/well) in duplicate and cultured in the presence of an ethanol
vehicle, 100 nM Dex, or 100 nM RU 486. Total numbers of viable cells were
determined on the indicated days. Note 69% inhibition of cell proliferation in the
presence of RU 486, compared to 98% observed in the presence of Dex. (B)
Alterations in protein expression induced by RU 486 in SAOS2-GR(+) cells.
SAOS2-GR(+) cells were cultured in the presence of an ethanol vehicle, 100 nM
Dex, or 100 nM RU 486 for 3 days, and expression of GR, CAS, p27, Bcl2, and
ERK in whole-cell extracts was examined by immunoblotting. Note that com-
paratively mild repression of GR and CAS is observed in the presence of RU
486, whereas p27 induction is retained whether GR is activated with Dex or RU
486. Similar results were obtained with RU 486 concentrations of 500 nM and 1
uM (data not shown). (C) RU 486-activated wt GR or LS7 mutant fails to
efficiently induce p21 mRNA expression in SAOS2 cells. SAOS2-GR(+) (wt
GR) and SAOS2-LS7 (LS7) cells were treated with an ethanol vehicle, 100 nM
Dex, or 100 nM RU 486 for 2 h 30 min, and total RNA was isolated and subjected
to Northern hybridization with a 3?P-labeled p21 ¢cDNA probe (top panels).
Equal loading in each lane is demonstrated by ethidium bromide staining of 28S
rRNA (bottom panels). The results of autoradiography were quantitated by spot
densitometry. The densitometric value obtained for mock-treated SAOS2-
GR(+) or SAOS2-LS7 cells was arbitrarily set as 1X.

tion, whereas wt GR (and LS7) with an antagonist-disabled
AF-2 could enhance p27 but not p21 expression.

RU 486 loses partial agonist activity in the context of the
dimerization-deficient GR mutant. Since inhibition of cell pro-
liferation by RU 486 in SAOS2 GR-expressing cells occurred
primarily through enhanced expression of p27, we speculated
that the GR dimerization-deficient mutant, which has lost the
ability to induce p27, will not display cytostatic activity in RU
486-treated SAOS2 cells. To test this hypothesis, the SAOS2-
dim cells were cultured in the presence of ethanol vehicle, Dex,
or RU 486, and the total number of viable cells was deter-
mined. Figure 10A demonstrates that Dex treatment of the
SAOS2-dim cells inhibited cell proliferation compared to that
of their vehicle-treated counterparts (also shown in Fig. 8A),
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FIG. 10. RU 486 loses partial agonist activity in the context of the GR
dimerization-deficient mutant. (A) The GR dim mutant does not affect cell
proliferation in the presence of RU 486. SAOS2-dim cells were seeded on day 0
into six-well plates (20,000 cells/well) in duplicate and cultured in the presence of
an ethanol vehicle, 100 nM Dex, or 100 nM RU 486. Total numbers of viable cells
were determined on the indicated days. (B) The RU 486-activated GR dimer-
ization-deficient mutant fails to alter the expression of GR, CAS, or p27. SAOS2-
dim cells were cultured in the presence of an ethanol vehicle, 100 nM Dex, or 100
nM RU 486 for 3 days, and expression of GR, CAS, p27, and ERK in the
whole-cell extracts was examined by immunoblotting. (C) The RU 486-activated
dimer mutant does not induce the steady-state level of p21 mRNA. SAOS2-dim
cells were treated with an ethanol vehicle, 100 nM Dex, or 100 nM RU 486 for
2 h 30 min, and total RNA was isolated and hybridized to a *?P-labeled p21
c¢DNA probe (top panel). Equal loading into each lane is demonstrated by
ethidium bromide staining of 28S rRNA (bottom panel).

whereas little growth inhibition was observed in the presence
of RU 486. These results differed dramatically from the strong
antiproliferative effect of this ligand on the SAOS2-GR(+)
cells (69% in Fig. 9A). Consistent with the lack of growth
inhibition of the dim-expressing cells by RU 486, no morpho-
logical alterations were visible in these cells, although spread-
ing was readily detectable in their Dex-treated counterparts
(data not shown). To confirm that the dimerization mutant in
the presence of RU 486 was unable to induce either p21 or p27
expression, protein and mRNA blots were performed on
SAOS2-dim cells treated with an ethanol vehicle, Dex, or RU
486. As shown in Fig. 10B, the protein concentrations of p27,
CAS, and GR in RU 486-treated cells are identical to those in
vehicle-treated controls. Similarly, the steady-state level of p21
mRNA was strongly induced by the dim mutant in the pres-
ence of Dex but not RU 486 (Fig. 10C). Thus, abolishing GR’s
ability to induce (i) p27, through specific mutations in the GR
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dimerization interface, and (ii) p21, through pharmacological
manipulation by using a ligand with only partial agonist activ-
ity, virtually eliminates GR’s ability to induce cell cycle arrest
in SAOS2 cells.

DISCUSSION

In this report we demonstrate that the cytostatic versus cy-
totoxic outcome of GR-mediated growth inhibition is cell type
dependent. GR activation in U20S cells is irreversible and
results in apoptosis and the down-regulation of antiapoptotic
proteins, including Bel2. This cytotoxic effect in U20S cells is
mediated by GR’s repression function, since transactivation-
deficient mutants and ligands also elicit apoptosis. In contrast,
GR-mediated cell cycle arrest in SAOS2 cells is reversible and
does not result in apoptosis or repression of Bcl2. This cyto-
static effect of GR in SAOS2 cells is a function of the recep-
tor’s ability to stimulate transcription of the CDIs p21 and p27,
which involves multiple GR transcriptional activation mecha-
nisms.

Why is GR-mediated apoptosis cell type specific? GR has
been previously shown to cause cell death in developing thy-
mocytes, lymphocytes, and a variety of cultured cell lines (18,
54); however, little is known about the molecular mechanisms
linking the activated receptor to the cell death program. Sev-
eral studies have demonstrated that the inhibition of specific
caspases, the downstream-most effectors of apoptosis, or ICE-
like cysteine proteases, which are activated at earlier stages of
the apoptotic pathway, prevents Dex-dependent cell death (15,
34, 42). Overexpression of Bcl2, which rescues thymocytes
from apoptosis, prevents activation of certain caspases but not
ICE-like proteases (34), suggesting that the Dex-dependent
cell death cascade can be interrupted by Bcl2 overexpression
only at early stages, before effector caspase activation occurs. It
is not clear which proteases are activated in the course of
GR-induced apoptosis. Recent studies demonstrate that thy-
mocytes isolated from caspase 9-deficient mice are resistant to
glucocorticoid-induced apoptosis but not to apoptosis caused
by UV irradiation or Fas and CD3 activation (32, 50). In
contrast, T cells depleted of caspase 3 remain Dex sensitive
(51) but acquire resistance to the effects of Fas and CD3
activation. These results suggest that in the context of the
whole animal, caspase proteases are not redundant and likely
perform unique functions which cannot be compensated for by
other family members. Perhaps, at a specific step of the apo-
ptotic pathway, activated GR uses caspase 9 as an effector, and
this step cannot be bypassed by other proteases. We demon-
strate that the expression of ICH-1L (caspase 2) is not altered
in U20S-GR(+) cells undergoing PCD compared to the un-
treated control cells, consistent with previous findings for glu-
cocorticoid-sensitive lymphocytes. Furthermore, since the lev-
els of Bcl2 were reduced in Dex-treated U20S cells expressing
either the wt GR, LS7, or the dimerization mutant, the same
general mechanism appears to operate to induce apoptosis in
human glucocorticoid-sensitive T cells and human osteosar-
coma cells expressing GR. It would be interesting to examine
whether specific inhibition of caspase 9 in U20S cells prevents
GR-dependent cell death. Interestingly, the intact GR tran-
scriptional repression function was found to be sufficient for
inducing PCD in human lymphocytes (37, 45). In contrast,
thymocytes isolated from transgenic mice homozygous for
dimerization-deficient GR are glucocorticoid resistant (74),
suggesting that receptor dimerization and transcriptional acti-
vation through palindromic GREs are necessary for GR-me-
diated PCD in these cells. This paradigm emphasizes species-
specific and, perhaps, developmental differences responsible
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for the distinct GR functions required for executing the cell
death program in human lymphocytes versus developing mu-
rine thymocytes. Alternatively, the LS7 mutant used by Helm-
berg et al. (37) may not have uncoupled activation from re-
pression.

It is unclear which factors determine the susceptibility of
individual cell types to GR-mediated apoptosis. It has been
previously reported that forced expression of p21 protects de-
veloping myocytes from apoptosis (93), and this protective
effect is abrogated in cells lacking functional Rb protein (92).
Our data, however, argue that even in the absence of enhanced
p21 expression [for example, when the growth of SAOS2-
GR(+) cells is inhibited by RU 486], they do not undergo
apoptosis but rather retain some ability to proliferate (Fig. 9).
This suggests that in the context of SAOS2 cells, p21 functions
as a cell cycle inhibitor but not as a survival factor. Clearly, in
Rb-negative SAOS2 cells, the cell death program is regulated
differently from that in mitogen-deprived myocytes.

Enhanced expression of p21 and p27 in response to GR
activation is accomplished through distinct surfaces. It has
previously been demonstrated that the GR-mediated cell cycle
arrest in SAOS2 human osteosarcoma cells, rat hepatoma
cells, murine fibroblasts, and lymphocytes involves the induc-
tion of p21 (13, 72, 77). In some but not all of these cell lines,
enhanced expression of p27 has also been observed. In addi-
tion, several studies emphasize that increased levels of p27
frequently reflect reduced degradation of the p27 protein via
the ubiquitination pathway rather than enhanced expression of
the p27 gene (3, 69). In SAOS2-GR(+) cells, we observe a
reproducible increase of the level of p27 mRNA in response to
Dex treatment, suggesting that enhanced transcription is at
least in part responsible for the p27 induction in this cell line.
Interestingly, however, this increase is not detectable until
after 24 h of continuous Dex treatment (data not shown),
whereas induction of the p21 mRNA peaks at 2 h of Dex
treatment (77). Such rapid kinetics of p21 induction, combined
with the insensitivity of this effect to inhibitors of protein syn-
thesis (e.g., cycloheximide), argue that the p21 promoter is
under the direct transcriptional control of GR despite the lack
of a consensus GRE. In contrast, the enhanced transcription of
p27 likely involves one or more intermediates transducing the
glucocorticoid signal from GR to the p27 promoter.

Consistent with the different kinetics of p21 and p27 mRNA
induction, different GR transcriptional activation functions ap-
pear to be responsible for the enhanced expression of these
two CDIs. The GR 30iiB mutant with a transcriptionally inac-
tive AF-1 is competent for increasing the expression of both
p21 and p27 (Fig. 11A, 30iiB+Dex) to the level induced by the
wt GR. Thus, despite the fact that the presence of the GR N
terminus is required for cell cycle arrest and increased expres-
sion of CDIs (Fig. 11A, A4C1+Dex), AF-1 function is not
required for transcriptional induction of either promoter. This
unexpected finding suggests that increased CDI expression is
accomplished either through transcriptional activation by AF-2
or by an as-yet-unidentified GR transcriptional regulatory do-
main(s) which, directly in the case of p21 or through an inter-
mediary protein in the case of p27, enhances transcription
from the p21 and p27 promoters. Supporting this idea, inacti-
vation of AF-2 by RU 486 largely abolished the induction of
p21 (Fig. 11A, wt+RU 486). Interestingly, the GR dimeriza-
tion-deficient mutant, which fails to activate transcription from
single consensus GRE-containing promoters, was competent
for inducing the expression of p21 (Fig. 11A, dim+Dex). Thus,
transcriptional induction of p21 is likely mediated by AF-2 in a
dimerization-independent manner and is unlikely to be driven
by a single canonical GRE. Consistent with this idea, the p21
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FIG. 11. Regulation of p21 and p27 in SAOS2 cells by different GR deriva-
tives. (A) Effects of GR derivatives on p21 and p27 expression. The GR domains
and receptor derivatives stably introduced into SAOS?2 cells are described in Fig.
1. The ability of GR derivatives to induce p21 and p27 expression and to effect
growth inhibition in SAOS2 cells was assessed in the presence of Dex (yellow
ovals) or RU 486 (green rectangles). (B) A model for the differential regulation
of CDIs by the wt and mutant GRs in SAOS2 cells. Schematically shown are two
wt GR molecules (WtGR+Dex), which in the presence of the full agonist Dex (D,
yellow ovals) dimerize through the DBD (indicated by a cross) and recruit a
coactivator protein (CoA, blue cubes) to associate with the C-terminal AF-2
(shown in dark blue). An additional putative interacting protein (?, pink cubes)
may associate with the GR N terminus and AF-1. Possible communication
between the C-terminal coactivator and an unknown N terminus-interacting
factor (indicated with an arrow) induces expression of p21 and p27. Deletion of
the GR N terminus (A4C1+Dex) results in a loss of the unknown interactor,
disrupting a putative interaction between the N and the C termini, such that the
induction of both p21 and p27 is abolished. wt GR in the presence of the partial
agonist RU 486 (WtGR+RU 486) is unable to recruit a C-terminal coactivator
due to a conformational change in the LBD. The induction of p21 is abolished,
suggesting a requirement for a functional AF-2 for this effect, whereas enhanced
expression of p27 occurs in an AF-2-independent manner, possibly through the
unknown N-terminal interactor and as-yet-unidentified transcriptional regula-
tory function at GR N terminus. Disruption of the GR dimerization interface
(dim+Dex) eliminates p27 but not p21 induction, indicating that stimulated p27
expression depends on GR dimerization and GRE binding, whereas p21 induc-
tion is accomplished by GR in its monomeric form.
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promoter lacks a full consensus GRE but contains several
half-GRE-like sequences, which could potentially serve as a
platform for a GR-containing protein complex. The mapping
of the p21 promoter in hepatoma cells revealed four GR-
responsive regions located between bp —1481 and —1184 from
the transcription start site (13), one of which corresponds to a
C/EBPa binding site whereas the others contain no known
regulatory elements. Since the level of C/EBPa is not altered in
hormone-treated SAOS2-GR(+) cells (data not shown), it is
likely that another element(s) is responsible for transcriptional
induction of p21 in this cell context.

In contrast, induction of p27 occurs in the presence of RU
486, suggesting that AF-2 activity is not required for this effect
(Fig. 11A, wt+RU 486). It is conceivable that additional tran-
scriptional regulatory domains may be involved in regulating
p27 expression. Interestingly, the induction of p27 was sensitive
to the mutations R479D and D481R disrupting the GR dimer-
ization interface (Fig. 11A, dim+Dex). Thus, one or more
protein intermediates induced by GR to activate p27 transcrip-
tion may contain a canonical GRE(s) in their promoters, such
that the dimerization-deficient mutant no longer activates their
expression, thereby eliminating p27 induction. The inability of
the dim mutant to efficiently enhance p27 expression also ar-
gues that protein intermediates transducing the GR signal to
the p27 promoter are GR-induced activators, rather than GR-
repressed inhibitors, since the dim mutant is competent for
transcriptional repression but fails to stimulate p27 expression.
It appears, then, that distinct mechanisms of transcriptional
activation are responsible for the increased expression of p21
and p27 in SAOS2 cells in response to GR activation: p21
induction requires transcriptional activation by the GR AF-2
but not an intact dimerization interface, whereas p27 is stim-
ulated when AF-2 is rendered inactive, but GR dimerization is
essential.

Requirements for increased expression of p21 and p27 for
GR-mediated cell cycle arrest. We assessed the importance of
each CDI for the GR-mediated cell cycle arrest in SAOS2 cells
by performing a cell proliferation assay when induction of
either p21 (by using RU 486) or p27 (by using the GR dimer-
ization-deficient mutant) was minimized. Our data indicate
that although each CDI separately inhibits cell proliferation by
65 to 75%, neither one alone can induce complete cell cycle
arrest. Thus, increased expression of both CDIs is necessary
for complete growth arrest in SAOS2 cells.

Possible models for differential transcriptional activation of
CDIs by GR. On the basis of our results, we propose a model
that accounts for the transcriptional induction of p21 and p27
in SAOS?2 cells. Activation of the wt GR by an agonist, such as
Dex, can result in dimerization, recruitment of coactivator
proteins, and induction of CDIs (Fig. 11B, wt GR+Dex). Pre-
vious results also indicate that GR-dependent CDI induction
requires the receptor N-terminal residues 70 through 300,
since deletion of this region (Fig. 11B, A4C1+Dex) eliminates
CDI expression and the cytostatic activity of the receptor in
SAOS?2 cells. However, the AF-1 domain of GR is not required
for CDI regulation, since a GR mutant containing a transcrip-
tionally inactive AF-1 (the GR 30iiB mutant) induces CDI
expression as efficiently as wt GR. Thus, the GR N terminus,
but not AF-1 per se, is necessary for CDI induction. These
findings suggest that novel surfaces within the N terminus may
interact with another, as-yet-unidentified protein(s) to facili-
tate transcriptional activation. For some steroid receptors,
such as the estrogen receptor, the receptor N- and C-terminal
regulatory regions function synergistically to activate transcrip-
tion, and the coactivator protein SRC1 further promotes a
transcriptionally productive interaction between the receptor



VoL. 19, 1999

N terminus and the LBD (48, 61). It has also been shown that
in addition to their interaction with the LBDs of most steroid
receptors and type II nuclear receptors, p160 family members
SRC1 and GRIP1 interact with the estrogen and progesterone
receptor N termini (67, 95). Although such interactions be-
tween the GR N terminus and GRIP1 have not been detected
(82a), this domain may interact with other regulatory proteins.
Alternatively, the N-terminal sequences may be critical for
preserving the structural integrity of the GR protein.

Our results also indicate that in the presence of RU 486, GR
fails to induce p21 expression, whereas p27 induction is pre-
served (Fig. 11B, wt GR+RU 486). The RU 486-bound GR
fails to recruit a coactivator and no longer supports transcrip-
tional activation by AF-2 (40). Thus, additional and as-yet-
uncharacterized transcriptional regulatory domains may be in-
volved in enhancing p27 expression. Our findings also suggest
that GR transcriptional activation of the p21 promoter is likely
dependent on coactivator function mediated by AF-2, while
activation of the p27 promoter is not. Finally, mutations that
disrupt GR dimerization impair GR’s ability to induce p27 but
not p21 (Fig. 11B, dim+Dex), suggesting that monomeric GR
is sufficient for inducing p21 expression. Therefore, the re-
quirements for the GR-responsive elements and the promoters
responsible for the CDI induction are different for these two
regulators. p21 is not induced through a canonical single GRE,
and transcriptional activation likely involves protein-protein
interactions possibly recruiting GR in its monomeric form to a
multiprotein complex. In contrast, p27 induction requires GR
dimerization, suggesting that one or more GR-responsive fac-
tors that are responsible for enhanced transcription of p27
contain consensus GREs in their promoters.

A fuller understanding of the GR transcriptional regulatory
mechanisms and target genes responsible for eliciting the cy-
totoxic versus cytostatic outcome of GR activation may ulti-
mately lead to the identification of novel compounds that in-
duce the cytotoxic rather than the cytostatic response to
glucocorticoids and thus may expand the therapeutic utility of
glucocorticoids as chemotherapeutic agents.
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