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ABSTRACT

Glucocorticoid receptors in lines of the P1798 mouse lymphosarcoma
either sensitive or resistant to glucocorticoid-induced lysis have been
characterized and their functional significance determined. The glucocor-
ticoid receptor from the cortisol-sensitive tumor is an M, ~98,000 protein
with a Stokes radius of 7.4 nm in the oligomeric, non-DNA-binding state
and 5.6 nm in the transformed, DNA-binding state. This receptor binds
glucocorticoid and reacts with the BUGR-2 monoclonal antibody. In
contrast, two abnormal receptor species were identified in the cortisol-
resistant tumor. One is an M, â€¢98.000 non-steroid-binding but immu-
nologically reactive protein. The other is an M, ~45,000 species which
contains both steroid- and DNA-binding sites but exhibits little or no
reactivity with BUGR-2, suggesting that its Ml. terminus is truncated

in a region within or adjacent to the BUGR epitope. This species had
Stokes radii of 5.8 and 3.5 nm in nontransformed and transformed states,
respectively. In both tumor lines, glucocorticoids stimulated the activities
of glutamine synthetase and 5'-nucleotidase and the synthesis of gluco-

cortin. However, glucocorticoid-induced tumor regression occurred only
in the cortisol-sensitive tumor. Additionally, the glucocorticoid inducibil-

ity of a specific protein in the sensitive, but not in the resistant, tumor
was demonstrated, as well as the presence of a protein specific to the
resistant line. Taken together, these results suggest that the truncated
glucocorticoid receptor in the PI 798 lymphosarcoma is functional, al
though possibly in a more restricted gene-specific manner, and that the

lysis defect, while possibly resulting from a truncated receptor, may also
result from the inability of glucocorticoids to induce a critical protein in
the pathway of programmed cell death and/or from the presence of a
protein which inhibits the lytic response.

INTRODUCTION

The incorporation of glucocorticoids into combination
chemotherapy regimens for the treatment of some types of
leukemias and lymphomas is based on the well-recognized
ability of these steroid hormones to evoke lysis of lymphoid
tissue (1). Although the mechanism by which lysis is effected is
not known, it is clear that glucocorticoids must first bind to an
intracellular receptor. Subsequently, the GCR1 becomes "trans
formed" to a form that can bind to defined regions of DNA,

thus activating or inhibiting expression of specific genes.
Recent molecular and biochemical studies have demonstrated

that the glucocorticoid receptor is organized into 3 well-con-
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served structural domains (2-4) and has a molecular weight of
-98,000. The COOH-terminal domain contains the steroid-
binding domain as well as a "represser" region thought to

inhibit GCR function in the absence of hormone (2) and a
transcription activation region (r2) (5). The central DNA-
binding domain is rich in cysteine, lysine, and arginine residues,
with the cysteine residues arranged as two zinc fingers which
bind to the major groove of the DNA double helix (6-8). Much
less information is available concerning the function of the
more poorly conserved NH2-terminal domain of the GCR. This
domain has been shown to carry the major immunological
determinants of the receptor, to be responsible for reducing
nonspecific DNA binding (2), and to contain a transcription
activation region (TÃŒ).Oro et al. (9) recently reported that
deletion of r 1, in addition to inhibiting transcription activation,
resulted in a more efficient repressor of the chorionic gonado-
tropin tt-subunit promoter in the presence of glucocorticoid.

In the absence of steroid, the GCR exists as a hetero-oligomer
of M, 300,000-350,000 (10). The oligomer is thought to be
composed of a single M, 98,000 steroid-binding protein (11,
12), and a dimer (12-14) of the M, 90,000 heat shock protein
(hsp90) (reviewed in Ref. 15), as well as other proteins including
hsp56 (16-18) and hsp70 (16, 19). The role of hsp90 is not yet
known, although it has been postulated that it may maintain
the GCR in a non-DNA-binding conformation by virtue of an
intrinsic "unfoldase" activity (15, 20). Alternatively, or in ad

dition, hsp90 may serve to transport the GCR to the nucleus
(15).

An additional approach to an understanding of the function
of specific regions within the receptor is to characterize the
GCR in cells resistant to the action of glucocorticoids. Of
considerable interest in this regard are the NHi-terminal trun
cated GCRs previously identified in the nt' mutant of the
cortisol-resistant S49 lymphoma (21-23) and the cortisol-re-
sistant line of the P1798 lymphosarcoma (21, 24, 25). Although
not as well studied as the nt1 GCR of the S49 lymphoma, the
GCR from the cortisol-resistant P1798 lymphosarcoma has
been shown to be smaller than its counterpart in the sensitive
tumor based on a decreased Stokes radius (24, 25), lack of
reactivity with an antibody having determinants to the NH2-
terminal region (26), and SDS-PAGE analysis of photoaffinity-
labeled receptor (21). Nuclear binding of this receptor is also
enhanced in the CR line of the tumor (27).

The following experiments were undertaken to determine
whether the truncated GCR in the CR line of the P1798 tumor
were functional for an activity other than glucocorticoid-in
duced lysis. Although the GCR was unable to effect lysis, we
demonstrated that it was indeed functional for induction of two
enzyme activities and for the synthesis of a rapidly inducible
protein (glucocortin). In addition, we have confirmed that the
GCR is approximately one half the size of the wild-type GCR
and have extended the earlier observations to demonstrate that
there is a non-steroid-binding M, 98,000 GCR as well as a
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FUNCTIONALLY ACTIVE TRUNCATED GLUCOCORTICOID RECEPTOR

steroid-binding M, 45,000 GCR present in the CR tumor, that
the epitope (4) for the BUGR-2 monoclonal antibody is either
absent or poorly expressed in the CR receptor, and that the
small GCR is not a proteolytic artifact. Finally, our studies
have demonstrated the glucocorticoid inducibility of a specific
protein in the sensitive tumor which is not induced in the
resistant line of the tumor and of a protein present only in the
resistant tumor line, suggesting that mechanisms other than a
truncated receptor may contribute to or, in fact may be causative
of, resistance to glucocorticoid-induced lysis.

MATERIALS AND METHODS

Reagents

[1,2,4-3H(N)]-TA (29 Ci/mmol) was purchased from Amersham
Corp. (Arlington Heights, IL). [6,7-3H(N)]Dexamethasone mesylate
(49.9 Ci/mmol) and [U-'4C]AMP (400 Ci/mmol) were purchased from
New England Nuclear/Dupont (Boston, MA). The BUGR-2 monoclo
nal antibody was generously provided by Dr. Robert Harrison. Sepha-
cryl S-300, AMP, and Â«,/}-methyleneADP were purchased from Phar
macia (Gaithersburg, MD), the low molecular weight markers used for
electrophoresis and the reagents for electrophoresis from Bio-Rad

(Richmond, CA), nitrocellulose from Schleicher and Schuell (Keene,
NH), Fluoro-Hance from Research Products International Corp. (Mt.
Prospect, IL), leupeptin and soybean trypsin inhibitor from Calbiochem
(La Jolla, CA), and peroxidase-conjugated affinity-purified rabbit anti-
mouse IgG from Cappel/Cooper Biomedicai (Malvern, PA). RPMI-
1640 Select amine kit was purchased from Gibco (Grand Island, NY).
Tran 35S-label (L-methionine and L-cysteine, 1128 Ci/mmol) was pur

chased from ICN Biomedicals, Inc. (Costa Mesa, CA). The following
reagents were purchased from Sigma Chemical Co. (St. Louis, MO):
gel filtration molecular weight standards, prestained SDS-PAGE mo
lecular weight markers, pepstatin A, aprotinin, phenylmethylsulfonyl
fluoride, benzamidine, bacitracin, dithiothreitol, 3',3'-diaminobenzi-

dine, dexamethasone, and 7-glutamylhydroxamate. All other reagents
used were analytical grade.

Tumors, Animals, and Cortisol Treatment

The glucocorticoid-sensitive and -resistant lines of the P1798 lym-
phosarcoma (28) are carried routinely in CDF, male mice bred in our
laboratory from BALB/cAnNCrlBR female and DBA/2NCrlBR male
mice (Charles River, Wilmington, MA). Tumors were transplanted as
described previously (29). The sensitivity or resistance of both tumor
lines to glucocorticoids was checked at every passage, and for all studies
reported in this paper, the tumor was verified to be either sensitive or
resistant, as appropriate, to in vivoglucocorticoid treatment. Mice were
kept in an air-conditioned room with a 12-h light/12-h dark schedule.
They were housed 5/cage and given food (Teklad chow) and water ad
libitum. Where indicated in the text, mice were treated with 100 mg/
kg hydrocortisone acetate, s.c., or vehicle and sacrificed 16 h later.

Glucocorticoid Receptor Assays

Cytosol Isolation and Radiolabeling of Glucocorticoid Receptor. Tu
mors (approximately 2 g in size) were homogenized in 3 volumes of
TEDG buffer containing 20 mM sodium molybdate and the following
protease inhibitors: aprotinin, 60 Mg/m'; soybean trypsin inhibitor, 100
Â¿ig/ml,phenylmethylsulfonyl fluoride, 0.3 mM; leupeptin, O.I mM;
benzamidine, 25 mM; pepstatin A, 0.25 ^g/ml; ethyleneglycol b\s(ÃŸ-
aminoethyl ether)-jV,Ar,A".A"-tetraacetic acid, 5 mM; bacitracin. 100

Â¿ig/ml,unless noted otherwise. When samples were to be used for gel
filtration or for Western blotting, homogenates were centrifuged at
12,000 x g for 10 min, 20 nM ['H]TA (Â±100-foldexcess of unlabeled

TA) was added, and the sample was further centrifuged at 105,000 x g
for 90 min at 4Â°C.Following this centrifugation, the radiolabeled
cytosol was further incubated for 60 min at 4Â°Ceither in the presence

of buffer (nontransformed samples) or 0.4 M NaCl (transformed sam
ples), treated with dextran-coated charcoal (27), and the supernatant

was used for gel filtration, immunoprecipitation, or SDS-PAGE fol
lowed by Western blotting. In some experiments in which the gluco
corticoid receptor was to be analyzed by autoradiography subsequent
to electrophoresis, the P1798 tumor was dissociated into a single-cell
suspension (30), and the cells were suspended in phosphate-buffered
saline at a concentration of 2.5 x IO7cells/ml and incubated with 100
nM [3H]dexamethasone mesylate, Â±1000-fold excess of unlabeled dex
amethasone, for 2 h at 4Â°C.The cells were then washed twice with
phosphate-buffered saline, frozen in liquid nitrogen, thawed at 10Â°C,
and resuspended in a buffer of 25 mM Tris (pH 8.2 at 4Â°C),1 mM

EDTA, 10% glycerol, 20 mM sodium molybdate, and the protease
inhibitors described above. The homogenate was centrifuged for l h at
105,000 x g and the cytosol used for electrophoresis as described below.

Immunoadsorption. In some experiments, the GCR was immunoad-
sorbed to protein A Sepharose as follows: protein A Sepharose (1
volume) was added to dextran-coated charcoal-treated cytosol (4 vol
umes), the mixture incubated for 30 min at 4Â°C,and then centrifuged

at 3000 rpm for 10 min to remove nonspecifically bound proteins.
Cytosol (0.5 ml CS or 1.0 ml CR) was then mixed with an equal volume
of antibody (diluted 1:1 with TEG buffer), the samples were incubated
for 2 h at 4Â°C,then protein A Sepharose was added at a 1:4 dilution,

and incubation continued for an additional 30-60 min, followed by
centrifugation and washing of the pellet 3 times with TEG buffer and
once with TEG buffer containing 0.3 M KC1. The pellet was then
extracted by boiling in SDS sample buffer (see below) containing 10%
/J-mercaptoethanol for 2 min and the extract applied to SDS-polyacryl-
amide gels. An equal volume of CR and CS extract was applied to each
lane; however, it should be noted that twice as much CR cytosol was
used for immunoprecipitation.

Sephacryl S-300 Gel Filtration. Gel filtration was performed at 4Â°C

using 1.6- x 82-cm columns of Sephacryl S-300 or Sephacryl S-300
HR equilibrated with 20 mM Tris-HCl, pH 7.8 at 4Â°C,containing 20

mM sodium molybdate, 1 mM EDTA, 2 mM /3-mercaptoethanol, 10%
(v/v) glycerol, 0.02% (w/v) sodium azide, and NaCl (100 mM for
nontransformed and 400 mM for transformed receptors). Two to 5 mg
of cytosol protein as determined by the Bio-Rad protein assay was
applied to the column and the column eluted with the above buffer at
a rate of 10 (Sephacryl S-300) or 12 (Sephacryl S-300 HR) ml/h. The
columns were calibrated with 3 or more of the following standards:
bovine thyroglobulin, Rs 8.6 nm; horse spleen apoferritin, Rs 6.1 nm;
sweet potato /3-amylase, Rs 4.8 nm; yeast alcohol dehydrogenase, Rs
4.6 nm; bovine serum albumin, Rs, 3.6 nm; bovine erythrocyte carbonic
anhydrase, Rs 2.3 nm.

SDS-Polyacrylamide Gel Electrophoresis, Autoradiography, and lin-
munoblotting. Samples covalently labeled with [3H]dexamethasone me

sylate were added to an equal volume of SDS sample buffer [60 mM
Tris-HCl, pH 6.8-4% (w/v) SDS-20% (v/v) glycerol] containing 10%
(w/v) /i-mercaptoethanol and heated for 5 min at 80Â°prior to applica

tion on 0.2% SDS-8% polyacrylamide slab gels (160 x 180 x 1.5 mm)
with a 0.2% SDS-3% polyacrylamide stacking gel, essentially according
to the method of Laemmli (31). Electrophoresis was carried out at 37.5
mA/gel for 6 h. After electrophoresis the gel was soaked in H2O for 30
min and then in 8-10 volumes Fluor-Hance for 30 min, dried, and
subjected to fluorography using intensifying screens and Dupont Cro-
nex 4 X-ray film at â€”70Â°for 3 weeks. The following molecular weight

standards were used for calibration of the SDS-PAGE gels: lysozyme,
14,400; soybean trypsin inhibitor, 21,500; carbonic anhydrase, 31,000;
ovalbumin, 45,000; bovine serum albumin 66,200; phosphorylase B,
97,400. Alternatively, samples to be used for immunoblotting were
prepared and subjected to electrophoresis as described above, and then
the gels were transferred electrophoretically to nitrocellulose using an
EC TransBlot apparatus and a buffer of 12.5 mM Tris-HCl-96 mM
glycine-15% (v/v) methanol-0.1% (w/v) SDS, pH 8.3 at 24Â°C.After

transfer, the paper was washed in buffer A [10 mM Tris, pH 7.4-0.9%
(w/v) NaCl-1% (w/v) bovine serum albumin] containing 0.05% (v/v)
Tween-20 and 1% (w/v) Blotto (skim milk powder) for l h at 24Â°.The

filter was then incubated with BUGR-2 antibody [1:4 (v/v) final dilu
tion] dissolved in buffer A/Tween for 2 h at 24Â°Cand 16 h at 4Â°C.The

filter was then washed 5 times in buffer A/Tween and incubated for 2
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h at 24Â°Cwith peroxidase-linked rabbit anti-mouse second antibody.

The filter was then washed 5 times as above, and color developed using
3',3'-diaminobenzidine [20 mg in 100 ml of 10 HIMTris-HCl, pH 7.5-
0.15 M NaCl-1 mM EDTA-0.1% (v/v) Triton X-100 buffer, followed
by 10 /il of 30% (v/v) H2Oi per 50 ml diaminobenzidine solution] for
10 min.

Enzyme Assays

Glutamine Synthetase. Tumors were homogenized in 4 volumes 25
mM sodium citrate buffer, pH 6.4, centrifuged at 2000 x g for 10 min,
and the supernatant was used for assay of glutamine synthetase by
measuring its glutamyl transferase activity essentially as described by
Thorndike and Reif-Lehrer (32) and modified by Harmon and Thomp
son (33). Briefly, the formation of 7-glutamylhydroxamate was meas
ured by recording its absorbance at 500 nm and calibrating against a
standard curve of known amounts of 7-glutamylhydroxamate.

5'-Nucleotidase. Tumors were homogenized in 4 volumes 60 mM
Tris buffer, pH 7.4 at 4Â°C,centrifuged at 7600 x g for 10 min, and the
supernatant was used for assay of 5'-nucleotidase as described by

Gentry and Olsson (34) except that Triton X-100 (0.01%, w/v) was
included in the assay mixture. In brief, this assay measures the release
of [14C)adenosine from [''"CjS'-AMP. The assay was carried out in the
absence or presence of the 5'-nucleotidase inhibitor, Â«.Â¿Â¡-mÃ©thylÃ¨ne
ADP, and 5'-nucleotidase activity quantitated as the difference between
total phosphatase activity and inhibitor-insensitive activity. Protein
determinations were carried out using the Bio-Rad protein assay.

S'5-( dl Labeling and 2-Dimensional Gel Electrophoresis

Cell suspensions were prepared by mechanical dissociation using a
slight modification of the procedure of Rosen et al. (30). Cells were
adjusted to a final concentration of 1 x IO7 cells/ml in RPMI-1640

tissue culture medium (minus methionine) and 0.1 ml of cells (4 wells
each for cortisol-sensitive and -resistant cells) were placed in 8 wells of
a 24-well plate. An additional 0.8 ml of RPMI-1640 medium (minus
methionine) was added to each well. Cells were incubated at 37Â°Cfor
15 min under 95% air-5% CO2. At the end of the incubation, dexa-
methasone (10~6 M) or an equivalent amount of ethanol/media was

added to the samples and the incubation was allowed to continue for
an additional 2 h. For the cell-labeling step, 100 ÃŸCi(7.9 ^1) of trÃ¤n35S
label (70% L-methionine [15S]and 15% L-cysteine ["S]> was added to
each of 8 wells in a fresh 24-well plate and dried under N2. The cells
from the dexamethasone and control incubations were then transferred
to the plate with trÃ¤n"S label, and the original plate was washed with

100 n\ of RPMI-1640 media and this was transferred to the trÃ¤n"S

label plate also. The mixture was then incubated as above for an
additional 30 min. The contents of each well were then transferred to
a conical microtube and centrifuged for 20 s in a Beckman microfuge.
The pellet was dissolved in 200 n\ of lysis buffer [9.5 M urea-2% (w/v)
Nonidet P-40-1.6% (v/v) ampholine with pH range 5-7 (LKB)-0.4%
(v/v) ampholine with pH range 3.5-10-5% (v/v) /3-mercaptoethanol]
and frozen immediately in liquid nitrogen. Glucocortin was then re
solved by giant two-dimensional gel electrophoresis as described pre
viously (35) and quantitated as described (35).

Statistics

Data are presented as means Â±SEM. Statistical comparisons were
carried out using Student's / test.

RESULTS

Size of Clucocorticoid Receptor in Cortisol-sensitive and -re
sistant PI798 Lymphosarcoma. The GCR from the cortisol-
resistant P1798 lymphosarcoma was shown to be smaller than
that from the corresponding cortisol-sensitive tumor based on
a number of parameters. Fig. 1 demonstrates that the Sephacryl
S-300 elution patterns of the glucocorticoid receptors from the
CS and CR tumors differ under both nontransformed and
transformed conditions. When the GCRs were compared under
nontransformed conditions (receptor oligomer), the CS-GCR
eluted with a Stokes radius of 7.4 Â±0.1 nm (N = 6; Fig. \A).
In contrast, the CR-GCR was much smaller, with a Stokes
radius of 5.8 Â±0.1 nm (N = 8; Fig. \B). Transformation of the
GCR to the DNA-binding form resulted in a decreased Stokes
radius for both the CS and CR receptors (Fig. 1, C and Â£>);
however, the CS receptor was still larger than its CR counter
part with a Stokes radius of 5.6 Â±0.0 nm (N = 26, CS tumor)
compared to 3.5 Â±0.0 nm (N = 18, CR tumor). Since the
Stokes radius data were obtained using ['H]TA-labeled GCR,
this suggests that it is the size of the steroid-binding form of
the GCR per se, rather than some other component of the
receptor oligomer, that is altered in the resistant tumor.

As further confirmation of the size of the steroid-binding
GCR molecule, cells were labeled covalently with the synthetic
glucocorticoid [3H]dexamethasone mesylate, and the size of the

Fig. 1. Sephacryl S-300 gel nitration of
[3H]TA-labeled glucocorticoid receptors from
cortisol-sensitive (A and C) and cortisol-resist-
ant (A and D) P1798 lymphosarcoma. Tumors
were homogenized in the presence of protease
inhibitors (all samples) and molybdate (non-
transformed samples only) and labeled cytosol
was applied to the columns directly (nontrans
formed; A and B) or after incubation with 0.4
M NaCI (transformed: C and D). Chromatog-
raphy was as described in "Materials and
Methods." Tick marks, indicate the elution

positions of thyroglobulin (T), apoferritin (F),
alcohol dehydrogenase (D). bovine serum al
bumin (A), carbonic anhydrase (C).
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receptor was analyzed by fluorography subsequent to SDS-
polyacrylamide gel electrophoresis. As can be seen in Fig. 2,
[3H]dexamethasone mesylate binds nonspecifically to a number

of proteins in both CS (lanes 1 and 2) and CR (lanes 3 and 4)
P1798 cells. The glucocorticoid receptor in each tumor line can
be identified, however, based on the ability of unlabeled dexa-

methasone to compete for binding. Thus, in the CS tumor,
specific binding of [3H]DM to a GCR of M, -98,000 is ob
served, whereas in the CR tumor, [3H]DM binds specifically to
a GCR of M, -45,000. It is particularly noteworthy that there
is no M, 98,000 steroid-binding receptor species in the CR
tumor, nor is there an M, 45,000 steroid-binding receptor
species in the CS tumor.

The immunological reactivity of the receptor species in both
tumor lines was next examined using the BUGR-2 monoclonal
antibody (36). As can be seen in Fig. 3, a strong band at M,
~98,000 is seen in both the CS and CR tumors. Of importance

is that this M, 98,000 band of the CR tumor did not bind
steroid (Fig. 2), although the corresponding band in the CS
tumor did bind dexamethasone mesylate. It also should be noted
that the density of the CR Mr 98,000 band was less than that
of the comparable CS M, 98,000 band, even though twice as
much CR-GCR was applied to the gel when compared to the
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Fig. 2. Autoradiography of [3H]dexamethasone mesylate-labeled glucocorticoid
receptors from cortisol-sensitive and cortisol-resistant P1798 lymphosarcoma.
Cell suspensions of the CS and CR tumors were incubated with [3H]dexametha-
sone mesylate in the presence or absence of a 1000-fold excess of unlabeled
dexamethasone as described in "Materials and Methods." The resulting cytosols
were subjected to SDS-PAGE and fluorograms of the resulting gels were prepared.
Lane I: SH, CS cells incubated with |3H]DM; lane 2: Sc, CS cells incubated with
[3H]DM + unlabeled dexamethasone; lane 3: RH. CR cells incubated with [3H]-
DM; lane 4: Rc, CR cells incubated with [3H]DM + unlabeled dexamethasone.
Molecular weight markers were electrophoresed on the same gel; ordinate, posi
tion of each protein; M, in thousands. Arrows, positions of the M, 98,000 and
45,000 steroid-binding receptor species.

1 2 3
Fig. 3. Immunoblot of glucocorticoid receptors from cortisol-sensitive and

cortisol-resistant P1798 lymphosarcoma. CS- and CR-GCRs were immunoad-
sorbed to protein A Sepharose using BUGR-2, extracted, and applied directly to
SDS-PAGE gels. After electrophoresis, the gel was electroblotted to nitrocellulose
and the filter probed with the BUGR-2 antibody as described in "Materials and
Methods." Lane 1, prestained molecular weight markers; lane 2, GCR from CS

tumor (50 n\); lane 3, GCR from CR tumor (50 p\). Note that twice as much CR
cytosol was used for immunoadsorption than CS cytosol. The heavy bands at M,
~55,000 and below the M, 26,000 standard are the heavy and light chains,
respectively, of the BUGR-2 antibody. Ordinate, M, in thousands.

CS-GCR. Repeated blots have demonstrated that the immu
nological reactivity of the M, 98,000 receptor species in the CS
tumor is always greater than that of the CR tumor; moreover,
a doublet is frequently observed. There is no apparent immu-
noreactivity with the M, 45,000 GCR species, although in other
gels, faint staining has occasionally been seen in this region. In
other studies in our laboratory (data not shown), reactivity of
BUGR-2 with the lower molecular weight GCR species in the
CR tumor is minimal based on the ability of this antibody to
shift only a minor portion of the [3H]TA-labeled transformed
or nontransformed receptor peaks on Sephacryl S-300 columns.
In contrast, the BUGR-2 antibody can shift the entire [3H]TA-

labeled transformed and nontransformed peaks in the CS
tumor.

Functional Activity of the Glucocorticoid Receptor from Cor
tisol-sensitive and -resistant PI 798 Lymphosarcoma. The above
data demonstrated that the steroid-binding form of the GCR in
the CR tumor was approximately one half the size of that in
the CS tumor. Since we have previously demonstrated that the
GCR from the CR tumor can bind to DNA [and to a greater
extent than the GCR from the CS tumor (27)], we next asked
whether the CR-GCR might be functional for an activity other
than lysis. Table 1 demonstrates that the enzymes glutamine
synthetase and 5'-nucleotidase are induced to a similar extent

by Cortisol in both sensitive and resistant tumors. Glutamine
synthetase activity in the resistant tumor was approximately
one half that in the sensitive tumor; however, 16 h after injec-
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Table 1 Effect ofcortisol on glutamine synthelase and S'-nucleotidase activities

Treatment consisted of a single s.c. injection of vehicle or 100 mg/kg hydro-
cortisone acetate. Mice were sacrificed 16 h after injection.

ControlCortisol treatedTreatedcontrol

Glutamine synthetase (nmol/
min/mg protein)

P1798 sensitive

P1798 resistant

5'-nucleotidase (pmol/min/mg

protein)
P1798 sensitive

P1798 resistant

38.4 Â±1.7" 67.5 Â±4.6*

(10) (10)
21.9 Â±1.3 41.5 Â±1.5*

(9) (7)

57.2 Â±10.5 88.2 Â±13.2
(10) (10)

36.8 Â±9.9 62.9 Â±6.Ie

(10) (10)

1.8

1.9

1.5

1.7

" Mean Â±SEM. Number in parentheses, number of animals.
'Statistically different from corresponding control, P< 0.01.
' Statistically different from corresponding control, P < 0.05.
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Fig. 4. The effect of Cortisol on the diameter of the cortisol-sensitive and
-resistant PI798 lymphosarcoma. Mice bearing the CS or the CR lines of the
PI 798 lymphosarcoma were treated with 100 mg/kg hydrocortisone acetate or
vehicle, s.c., and sacrificed 16 h later. Tumor diameter was determined using a
vernier caliper, taking the average of two perpendicular measurements. These are
the same tumors used for assay of glutamine synthetase activity; identical results
were obtained in the tumors used for assay of S'-nucleotidase activity. Points,

means; bars, Â±SEM.

tion of hydrocortisone acetate, a time found to be optimal for
maximum induction of glutamine synthetase in both tumors at
this dose of hydrocortisone, enzyme activity in both tumors was
elevated approximately 2-fold. Similar results were seen for 5'-

nucleotidase activity. The effect of cortisol on tumor size was
measured concurrently in these experiments. As can be seen in
Fig. 4, the CS tumor regressed in response to cortisol admin
istration; however, no regression was observed in the CR tumor.

These studies suggested that the CR-GCR was functional.
However, since enzyme induction was only 2-fold, we chose to
also examine glucocorticoid induction of glucocortin. This pro
tein had previously been shown to be induced 5-fold within l h
of addition of dexamethasone to isolated thymocytes (35). We
reasoned that, if this protein were induced to a similar extent
in the P1798 lymphosarcoma (of thymic origin), this might
provide a more convincing argument for the functionality of
the GCR in the CR tumor. Glucocortin was resolved by giant
2-dimensional gel electrophoresis (Fig. 5A). As is clearly evi
dent (Fig. 5B, right), glucocortin is induced in both sensitive
and resistant tumor cells as a result of treatment with dexa
methasone (glucocortin is the single protein in the center of the
circle in Fig. 5A and enlarged in Fig. 5B; M, 17,000; pi = 4.7).
Densitometric scanning was used to calculate induction, which
was found to be 5.7- and 3.2-fold in sensitive and resistant
tumor lines, respectively. Concurrent in vivo cortisol sensitivity
tests demonstrated regression of the CS tumor and continued

growth of the CR tumor. The giant 2-dimensional gel protein
analyses also clearly displayed the "glucocorticoid-resistant pro
tein" (Fig. 5, center of hexagons; M, 36,000; pi >7.6) that was

previously demonstrated in both the resistant P1798 lympho
sarcoma line (37) and in the resistant (immunologically com
mitted) fraction of normal thymocytes (38). Another protein
which should be noted in these gels (Fig. 5, center of triangles;
Mr 48,000; pi = 7.1) is one which for convenience we will call
here the "glucocorticoid-sensitive protein"; this protein is a

doublet that is markedly induced in the sensitive cells but only
minimally, if at all, in the resistant cells. These two proteins
provide insights into possible altered receptor or postreceptor
mechanisms that might account for the sensitive and resistant
phenotypes (Discussion).

Determination That the Glucocorticoid Receptor in the Corti-
sol-resistant Tumor Does Not Arise from Proteolysis. Based on
the above experiments demonstrating that the GCR from the
cortisol-resistant tumor could be functional for an activity other

than lysis, it was important to determine that the small size
receptor in this tumor was not a proteolytic artifact. It was
possible, for example, that the CR tumor contained a protease
activity that could be responsible for the smaller size of the
glucocorticoid receptor in this tumor. To test this, a mixing
experiment was carried out. Equal amounts of CS and CR
tumor were homogenized together or separately in TEDG
buffer containing neither molybdate nor protease inhibitors in
order to maximize proteolysis should it occur, labeled with [JH]-
TA by incubation for 3 h at 4Â°C,transformed by incubation
with 0.4 M NaCl for 30 min at 22Â°C,and then applied to

Sephacryl S-300 columns. As can be seen in Fig. 6, mixing of
the two tumor samples did not change the elution profile of
either receptor. In particular, it should be noted that the Stokes
radius of the CS-GCR was not altered in the presence of the
CR tumor homogenate, suggesting that the smaller receptor
size of the CR-GCR does not arise from proteolysis. Stokes
radius values for the (transformed) receptors were as follows:
CS, 5.7 nm; CR, 3.3 nm; CS + CR, 5.6 and 3.2 nm. The amount
of radioactivity recovered in the mixed sample was exactly as
predicted from the individual samples. A similar experiment in
which CS and CR cytosols were mixed also showed no differ
ence in elution pattern of either receptor (data not shown).

In another experiment, the effect of protease inhibitors on
the size of the GCR from each tumor was directly assessed by
homogenizing CS and CR tumor samples in the presence or
absence of the protease inhibitors described in "Materials and
Methods" and examining the effect of this treatment on the
Sephacryl S-300 elution pattern and the steroid-binding species
detected by fluorography of SDS-PAGE gels. Fig. 7 demon
strates that the absence of protease inhibitors did not affect the
Stokes radius of either CS or CR receptor species (Rs values
were 5.7 and 5.7 nm for the GCR from the CS tumor in the
presence or absence of protease inhibitors, respectively, and 3.6
and 3.7 nm for the GCR from the CR tumor in the presence or
absence of protease inhibitors, respectively). However, the slight
broadening of the GCR peaks from both samples of the CR
tumor (Fig. 7, C and D) suggests that this GCR may be
somewhat more sensitive to degradation than its counterpart
from the CS tumor. This experiment differs from that reported
in Fig. 1 in that molybdate was present in both column and
homogenizing buffers in Fig. 1 but absent from both buffers in
this experiment. When samples were analyzed by fluorography
following SDS-PAGE (Fig. 8), the steroid-binding receptor
species were not altered by the presence or absence of protease
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Fig. 5. Giant gel two-dimensional electrophoresis of proteins from glucocorticoid-sensitive and -resistant lines of the P1798 lymphosarcoma. Cells were labeled
with Iran 35S-metabolic labeling reagent and 2-dimensional gel electrophoresis was carried out as described in "Materials and Methods." In these 2-dimensional

isoelectric focusing gels, the first dimension (isoelectric focusing) was run from left to right (basic end of pH gradient on the left and acidic on the right): the second
dimension (SDS-PAGE) was run from top to bottom. Center of circles, glucocortin; center of hexagons, glucocorticoid-resistant protein; center of triangles,
glucocorticoid-sensitive protein. A. representative 2-dimensional gel of proteins from the dexamethasone-treated glucocorticoid-resistant P1798 tumor cells; B, close-
up regions of representative giant 2-dimensional gel separations of proteins from control or dexamethasone (DEX)-treated cells from glucocorticoid-sensitive and
-resistant P1798 tumors. Circles illustrate the dexamethasone inducibility of glucocortin (M, 17,000; pi = 4.7) in both sensitive and resistant P1798 tumor cells.
Center of circle, arrow: glucocortin; it was quantitated by scanning laser densitometry which gave the following integrated absorbance values (average values from two
gels). CS-P1798: control. 531; dexamethasone treated, 3030. Fold induction by dexamethasone. 5.7. CR-P1798: control, 640; dexamethasone-treated, 2049. Fold
induction by dexamethasone, 3.2. Triangles illustrate the dexamethasone inducibility of a protein (M, 48,000: pi = 7.1) in the sensitive cells and the minimal
inducibility of the same protein in the resistant cells. Densitometric scanning showed a 4-fold induction of this protein in the sensitive tumor cells [A values of 23, 24
(duplicates) in control and 96, 98 in the dexamethasone-treated group]. In resistant tumor cells, levels of this protein were very low [A values of 8. 11 (duplicates)]
and induction was minimal (,-i values of 14 and 21 in duplicate dexamethasone-treated groups). Hexagons illustrate the presence in the resistant tumor, but the
absence in the sensitive tumor, of a protein of M, 36.000. pi > 7.6.
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Fig. 6. Effect of mixing cortisol-resistant and -sensitive tumor homogenates
on elution pattern of glucocorticoid receptors from Sephacryl S-300 columns.
Equal amounts of CS or CR tumor samples were homogenized either together or
separately in TEDG buffer containing neither molybdate nor protease inhibitors
and the resulting cytosols incubated with 100 n\i [3H]TA for 3 h at 4Â°C.NaCI

was then added to a final concentration of 0.4 M in order to transform the
receptors, and incubation was continued for 30 min at 22Â°C.The samples were
then cooled and treated with dextran-coated charcoal, and sodium molybdate was
added to a final concentration of 20 mvi. They were then applied to a Sephacryl
S-300 column and eluted with the buffer described in "Materials and Methods."

It should be noted that the total amount of protein applied to each column was
the same; thus, in the mixed sample, one half the amount of protein from the
sensitive and resistant samples was present as compared to each sample run
separately. Standards are as described in Fig. 1.

inhibitors. Thus, the M, 98,000 specific binding band is seen in
lanes 1 and 2 for the CS-GCR in both the presence and absence

of protease inhibitors, and the M, 45,000 specific binding band
is seen in lanes 3 and 4 in both the presence and absence of
protease inhibitors.

In a final experiment, the effect of molybdate on receptor
size was examined since previous studies had suggested that its
presence in both homogenizing and column buffers might pre
vent proteolysis. Eisen et al. (39), for example, used this tech
nique to demonstrate that the small kidney GCR was generated
by in vitro proteolysis rather than being a true smaller functional
GCR. In the experiments described here, CS or CR tumors
were homogenized in TEDG buffer in the absence or presence
of 20 HIM molybdate (no protease inhibitors) and ['H]TA-

labeled salt-transformed cytosol filtered on Sephacryl S-300
using an elution buffer with or without molybdate. Results from
this experiment are shown in Table 2. These data demonstrate
that the Stokes radius of the CS receptor is not altered in the
presence or absence of molybdate. Even more important, the
data demonstrate that the CR receptor is small even in the
constant presence of molybdate, suggesting that this small form
does not arise from proteolysis. The only possible suggestion
of proteolysis with the CR-GCR was the shift to an even smaller
receptor size (3.5 to ~3.1 nm) when the sample was prepared
and chromatographed in the absence of both molybdate and
protease inhibitors.

DISCUSSION

Results from this study demonstrate that the GCR in the
cortisol-resistant line of the P1798 lymphosarcoma is approx
imately one half the size of that in the corresponding cortisol
sensitive line. Since the steroid-binding (Figs. 1 and 2) and
DNA-binding (27) domains of this receptor are intact, it is
assumed that it is the NH2-terminal region of the receptor that
is truncated. The exact location of this truncation is not known;
however, based on the poor reactivity with the BUGR-2 mono
clonal antibody, it can be speculated that the NH2 terminus of
the GCR from the cortisol-resistant tumor lies within or adja
cent to the BUGR epitope [mouse amino acid residues 395-
411 (4)]. This suggests that this mutant receptor is analogous
to the GCR from the nt' variant of S49 lymphoma which does

not react with the BUGR antibody (22, 23). Whether this poor
reactivity is due to deletion of part of the BUGR region or to
an altered amino acid sequence at this point is not clear since
chymotrypsin digests of normal GCRs do react with the BUGR
antibody (23, 39, 40) as do GCRs cleaved by chymotrypsin-like
tissue proteases (41,42). Limited proteolysis with chymotrypsin
has been shown to cleave the GCR within the BUGR region at
(mouse) amino acid residues 397 and 401 (43). It is of interest
in this regard that we have recently found that the WS933
polyclonal antibody, which was specifically developed against
the 17-mer sequence of the BUGR epitope, does react with the
GCR from the cortisol-resistant P1798 tumor (44). We have
interpreted this, as well as other evidence (44), to indicate that
the BUGR epitope may be more precisely mapped to amino
acid residues 395-404, whereas the WS933 epitope(s) maps to
the more hydrophilic portion of the 17-mer sequence, i.e., to
amino acid residues 405-411. This would suggest that residues
405-411 were present in the CR-GCR, at least in part, but that
residues 395-404 may be deleted.

It does not appear that the small receptor in the CR P1798
tumor is a proteolytic artifact. Conditions under which the
GCR from the sensitive tumor was shown to be of normal size
consistently resulted in the recovery of a small receptor species
from the resistant tumor. Moreover, the observed results are
unlikely to be explained by a high level of protease activity in
the CR tumor or by a stabilization factor in the CS tumor, since
mixing experiments did not result in degradation of the CS-
GCR or in stabilization of a larger size CR-GCR (Fig. 5) (45).
In other studies, when high levels of protease activity are present
(46, 47), it has been possible to demonstrate GCR proteolysis
in mixing experiments. The most convincing evidence for lack
of proteolysis is the observation that a battery of protease
inhibitors as well as molybdate, which have been shown to
inhibit GCR proteolysis in a number of tissues (39, 41, 42, 46,
48), did not affect the size of the receptor in the resistant tumor.
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Fig. 7. Effect of protease inhibitors on
Sephacryl S-300 elution pattern of glucocorti-
coid receptors from cortisol-sensitive and
-resistant P1798 lymphosarcoma. CS and CR
tumor samples were each homogenized in
TEDG buffer in the absence or presence of the
protease inhibitors described in "Materials and
Methods." labeled with [3H]TA. transformed

with 0.4 M NaCl, and then applied to Sepha
cryl S-300 columns. Molybdate was absent
from both homogenizing and column buffers.
A, CS-GCR in the absence of protease inhibi
tors; B, CS-GCR in the presence of protease
inhibitors; C, CR-GCR in the absence of pro
tease inhibitors; D, CR-GCR in the presence
of protease inhibitors.
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Fig. 8. Effect of protease inhibitors on the autoradiographic pattern of |'H]-

dexamethasone mesylate-labeled receptors from cortisol-sensitive and -resistant
P1798 lymphosarcoma. Samples prepared as described in the legend to Fig. 6
were applied to SDS-PAGE gels and fluorograms were prepared as described in
"Materials and Methods." Lane I, CS-GCR in the absence of protease inhibitors;
lane 2, CS-GCR in the presence of protease inhibitors; lane 3, CR-GCR in the
absence of protease inhibitors; lane 4, CR-GCR in the presence of protease
inhibitors. Ordinate, positions of the molecular weight markers (in thousands);
arrows, bands specifically labeled with ['Hjdexamethasone mesylate.

In spite of this, we cannot exclude the possibility that the CR-
GCR is unusually sensitive to proteolysis and may exist as an
M, 98,000 receptor in vivo. Further proof will have to come
from a study of GCR mRNA expression in the CR cells, as
well as of the protein products of in vitro translation of these
mRNA molecules. In this regard, it is of interest that Dicken
et al. (49) recently reported that the wild-type and nt1 GCRs of

S49 lymphoma diverge at a splice site of the GCR receptor
gene and suggest that the M, 45,000 GCR may be a result of
abnormal splicing. They propose that amino acid residues 1-
404 are missing in the nt1receptor and that an additional short

segment of approximately 41 amino acid residues may lie

Table 2 Effect of molybdate on size of glucocorticoid receptors in PI 798
lymphosarcoma

CS or CR tumors were homogenized in TEDG buffer in the absence of protease
inhibitors and in the absence or presence of 20 mM sodium molybdate. Cytosols
were labeled with [3H]TA, and the samples were applied to Sephacryl S-300
columns and eluted as described in "Materials and Methods." except that where

noted molybdate was omitted from the column buffer.

P 1798
tumorSensitive

GCRResistant

GCRMoO4

inhomogenizing

buffer++â€”â€”++--MoO4

incolumn

buffer_+â€”+_+â€”+Stokesradius(nm)5.75.65.85.63.53.53.13.5

immediately NH2 terminal of amino acid residue 405 (as de
fined for the wild-type GCR).

The key finding in this paper is that the truncated glucocor-
ticoid receptor is functional, as evidenced by its ability to elicit
glucocorticoid induction of glutamine synthetase, 5'-nucleotid-

ase, and glucocortin. While it is theoretically possible that the
non-steroid-binding full-size GCR is transcriptionally active in
the CR tumor, we believe that evidence for the functionality of
the truncated GCR is suggested by analysis of mouse, rat, and
human GCR mutants (49-52). These studies demonstrate that
all GCR mutants with NH^-terminal truncations up to at least
mouse amino acid residue 412 are functionally active, although
with reduced activity compared to the wild-type receptor. More
over, a mutant lacking residues 1-421 was expressed in yeast
and shown to have glucocorticoid-dependent transactivation
activity (53). This suggests that resistance to glucocorticoid-
induced lysis in this tumor model may not result from a receptor
defect but rather from some postreceptor modification. Alter
natively, or perhaps in addition, it is possible that the effects of
the GCR are gene specific, with a mutant receptor permitting
some glucocorticoid-inducible functions but not others. These
possibilitÃ©sare discussed in more detail below.

In contrast to earlier results from some tissue culture lines
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(54), several lines of evidence have suggested that the resistance
to glucocorticoid-induced cell killing that appears in normal
lymphocytes as they become immunologically committed (38),
or in at least some lymphoid malignancies as animals (37) or
patients (55, 56) are treated with glucocorticoids, is not pri
marily the result of the alterations that are sometimes found in
the hormone receptors or of changes in their numbers. The
critical data in this regard are the demonstrations of normal
receptors and of characteristic glucocorticoid effects on meta
bolic functions (55-58) in those cells that are resistant to the
cytolytic hormone actions, along with demonstrations of other
postreceptor phenotypic changes associated with the acquisition
of resistance that are common to both normal cells and tumor
cells as they develop resistance. These include changes in mem
brane properties (59) as determined by resistance to nuclear
lysis and the appearance of a new gene product, the "resistant
protein" in those thymus cells that are resistant to glucocorti

coid killing, as well as in resistant PI798 tumor cells (37, 38).
Our finding here of the same resistant protein appearing only
in the resistant cells (with the higher resolution analytical
methods used) supports the concept of postreceptor mecha
nisms for the acquisition of resistance and, incidentally, dem
onstrates that the tumor lines have not diverged in this respect
in more than a decade. Identification of this protein may provide
a focus for additional studies of the mechanism by which
glucocorticoid-induced lysis may be suppressed as cells progress

to the resistant state. Furthermore, the discovery of a prominent
induction of an M, 48,000 doublet only in the sensitive cells
suggests that this protein(s) may play a significant role in the
pathway of programmed cell death which leads to the charac
teristic apoptotic DNA fragmentation into nucleosome units
(60).

Additional nonreceptor-based mechanisms of resistance to
glucocorticoid-induced lysis can be proposed. We have previ
ously demonstrated that 5-azacytidine, which inhibits DNA
methylation, can induce partial cortisol sensitivity in the CR-
P1798 lymphosarcoma growing in vivo (27); similar observa
tions have been made in cell culture with glucocorticoid-re-

sistant mouse thymic lymphoma SAK cells (61) and human
leukemia CEM-C1 cells (62). This suggests that the defect may
be at the gene expression level, possibly as a result of hyper-
methylation of the putative lysis gene. Testing of this hypoth
esis, however, will have to await identification and character
ization of this gene. It is of interest that, in the CEM-C1 cell
line which is also resistant to glucocorticoid-induced lysis,
glutamine synthetase activity was induced by glucocorticoids to
a similar extent as reported herein (63); however, unlike the
CR-P1798 tumor, the CEM-C1 cell line has a normal-size

receptor (63). This further suggests that the lysis defect is not
receptor related, as does the observation (64) that the lytic
function could be restored to CEM-C1 cells by somatic cell
hybridization with CEM-ICR 27 cells, a mutant cell line which
lacks functional receptor but in which the biochemical pathways
responsible for cell lysis are intact (65).

The above not withstanding, the present study attempted to
assess the degree to which receptor modification in a variant
line of the P1798 lymphosarcoma might display an altered
function which could either contribute to resistance or alter the
actions of the hormone in some other way. The induction of
glucocortin is a primary induction (i.e., it occurs at the level of
mRNA when protein synthesis is blocked). It is entirely specific
for the glucocorticoid structure and occurs in all normal target
cells so far examined (thymus, liver, fat, fibroblasts, and lung),

as well as in a large number of tissue culture cells. Its induction
represents the most rapid (mRNA triples in 15 min) and
sensitive (10~'Â°M dexamethasone elicits an increase) measure
of glucocorticoid activity4 (35, 66, 67). Since glucocortin is

clearly induced in the resistant cells, there can be no doubt that
the receptors can elicit this normal function, as well as the
inductions, albeit more modest, in the activities of glutamine
synthetase and 5'-nucleotidase. Yet, the fact that the inductions

in the two tumor lines are not entirely equivalent should also
be considered. While glucocortin was substantially induced (3-
to 6-fold) in both tumor lines, the induced levels were somewhat
less (2049 versus 3030; integrated absorbance values) in the
resistant ones, raising the possibility that the altered receptors
are perhaps somewhat less effective in a quantitative sense,
possibly because the truncated receptor lacks the NH2-terminal
/raws-activation domain. The fact that such a quantitative dif
ference was not observed with the enzyme activities may simply
reflect the fact that induction was only 2-fold and thus detection
of a difference would be more difficult. It is also possible that
alterations in receptors could lead to gene-specific influences
on inductions. Conceivably, this could account for the induction
of the sensitive protein (Fig. 5, triangles) only in the sensitive
cells. Miesfeld (68) has suggested that each glucocorticoid-
regulatable gene may have a different threshhold of responsive
ness; thus, each gene may be affected to different extents by
mutant receptors. This may relate to differences in the posi
tioning, quantity (68), and/or nucleotide sequence of the GREs
around each gene, to the quantitative interaction of the GCR
with the GRE, to alterations in DNA-transcription factor or
GCR-transcription factor interactions (69-77), modification of
GCR dimer formation (78) resulting in altered DNA binding,
etc. Finally, another possibility is suggested by the data of Oro
et al. (9) demonstrating that NH2-terminal human GCR mu
tants lacking up to the first 376 amino acid residues exhibited
an enhanced repressor function compared to the wild-type
receptor. Based on this, it can be suggested that the truncated
CR-GCR may actually be a repressor of the putative "lysis"

gene (61, 62), while still maintaining its ability to activate other
genes.

In summary, we have found that a variant of the P1798
mouse lymphosarcoma which is resistant to cortisol-induced
lysis has two abnormal glucocorticoid receptor proteins. One
of these is a truncated molecule of M, ~45,000 which has both
steroid- and DNA-binding sites, reacts poorly if at all with the
BUGR-2 monoclonal antibody, and apparently lacks the NH2-
terminal domain of the normal GCR. The other protein is of
normal size (M, ~98,000) but does not bind steroid. Of con
siderable interest is that the M, 45,000 GCR appears to be
functional in terms of the ability of glucocorticoids to induce
glutamine synthetase and 5'-nucleotidase activities as well as

synthesis of glucocortin, even though unable to effect cortisol-
induced lysis, suggesting that resistance in this thymus-derived
tumor may not result from a receptor defect. This argument is
strengthened by the presence of a resistant protein exclusively
in the resistant cells, demonstrating that gene expression is
altered with the acquisition of resistance and suggesting the
possibility that the apparent gene-specific changes in hormone
inducibility may be unrelated to the changes in receptors. Res
olution of these alternatives will have to await the molecular
cloning of the "sensitive" and "resistant" proteins. While all of

these issues are not yet resolved, these findings are consistent

4 R. Colbert, H. Sadowski, R. Levenson, M. K. O'Banion, and D. Young,

unpublished data.
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with the hypothesis advanced some time ago (38) that resistance
in tumors emerges by the selection of cells that can express the
same genes that are turned on normally as thymus cells acquire
glucocorticoid resistance during immunologically driven
differentiation.
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