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ABSTRACT

To characterize the immunoreactive glucocorticoid receptor (GR) pro
tein present in "receptorless" (r~) mutants isolated from the glucocorti-
coid-sensitive (dex1) human leukemic cell line CEM-C7, binding of I'll]

dexamethasone was determined in extracts prepared from the sensitive
cell line 6TG1.1 and the f mutant ICR27TK.3 after gentle freeze-thaw
lysis and low-speed centrifugation. Under these conditions there was
significant high-affinity binding activity in r extracts assayed at 4Â°Cbut
not at 23"C. Loss of binding at 23Â°Cwas not a function of GR proteolysis

or denaturation of the steroid-binding site and could be prevented by the
addition of sodium molybdate. Dissociation of ligand from either activated
or unactivated receptors in r~ extracts was significantly more rapid than

from receptors in extracts prepared from normal cells, suggesting that
the defect in receptors in r cells is the result of mutation in the ligand-
binding site. While the rate of dissociation from unactivated receptors in
r extracts was linear, dissociation from receptors in extracts of 6TG1.1
cells was biphasic. Analysis of these dissociation curves, as well as
dissociation from receptors in the B-cell line IM-9, indicated that the
mutant gene present in r cells is also present in the dex* parental cell

line. This conclusion is consistent with our previous hypothesis (J. M.
Harmon et al., Mol. Endocrino!., 3: 734-743, 1989) that glucocorticoid-
sensitive CCRF-CEM cells express both a normal ((iR*) and a mutant
(GR') alÃele.

INTRODUCTION

Glucocorticoid-induced lymphocytolysis has been used to
select steroid-resistant mutants from both murine and human
lymphoid cell lines (1-5). The majority of these mutants were
originally classified as "receptorless" (r~), based on the results

of studies in which the presence of a receptor was assayed by
the binding of radiolabeled ligand (3, 4, 6-8). However, subse
quent analyses using affinity labeling and antireceptor antibod
ies have shown that many r~ mutants express significant
amounts of immunoreactive GR4 protein (9-11). In mutants

isolated from the murine cell line S49, the immunoreactive
protein present in r~ cells has been shown to contain a mutation

in the steroid-binding domain resulting in the substitution of
glycine for glutamine at residue 546 (12). This mutant GR gene,
as well as a normal GR gene, is expressed in the dexs parental
cell line (13), thereby accounting for the near-haploid rate of
spontaneous mutation to steroid resistance in S49 cells (3).
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R clones isolated from the human lymphoid cell line CEM-
C7 also express significant amounts of immunoreactive GR
protein which does not bind reversibly associating ligands when
assayed in intact cells (11). However, unlike the mutant protein
present in r~ S49 cells, the protein present in r~ CEM cells

could be competitively labeled with the covalent affinity ligand
[3H]DM (11, 14), suggesting that its steroid-binding site is still

partially functional. Based on the haploid rate of mutation to
steroid resistance (4) in dex5 CEM cells and analysis of GR
mRNA and protein expression in r~ mutants, we have previ
ously proposed that the immunoreactive GR protein in r~ cells
is the product of a mutant GR alÃele(GR') present in both dex5
and dexr cells (11).

To gain additional insight into the nature of the biochemical
defects in the product of the GR' alÃele,the steroid-binding

properties of this mutant receptor protein were examined after
mild freeze-thaw lysis and low-speed centrifugation. Under
these conditions binding of reversibly associating ligands can
be easily measured. Detailed examination of the kinetics of
steroid dissociation from this receptor protein revealed an
accelerated rate of dissociation consistent with the presence of
a mutation in the ligand-binding domain.

MATERIALS AND METHODS

Cells and Cell Culture. The isolation, characterization, and growth
of the glucocorticoid-sensitive cell line 6TG1.1, the r~ cell line

ICR27TK.3, and the act cell line 3R7.6TG.4, as well as the human B-
cell line IM-9 have been previously described (4, 14-17).

Preparation of Cell Extracts. Cells were grown to approximately 1 x
10' cells/ml, harvested by centrifugation (250 x g) at 4Â°Cfor 15 min,
and washed twice with 5 ml Hanks' balanced salts solution. The

resulting cell pellet was frozen on dry ice for 20 min and then placed
on wet ice to thaw. The thawed pellet was vigorously re-suspended in
Buffer 4 (10 mM A'-2-hydroxyethyl-piperazine-A''-2-ethanesulfonic

acid-1 mM EDTA-10% glycerol, pH 8.0) or Buffer 4 containing 20 HIM
sodium molybdate, at a concentration of 2.5 x 10*cell equivalents/ml,
and centrifuged at 16,000 x g for 10 min at 4Â°C.The supernatant was

collected, and the protein concentration was determined by the method
of Bradford (18).

Quantification of GR. Measurement of [3H]dexamethasone binding

in intact cells was performed as previously described (4). To quantify
[3H]dexamethasone binding in cell extracts, 200 n\ of extract were
incubated with various concentrations of [3H]dexamethasone in the
absence or presence of 2 n\ 1 MM['H]dexamethasone for 2 h at 4Â°Cor
for 30 min at 23Â°C.The actual concentration of [3H]dexamethasone

was determined by counting 5 n\ of each sample, and the amount of
bound steroid was determined after adsorption of unbound ligand to
dextran-coated charcoal as previously described (17). Specific binding
was determined as the difference in activity between samples incubated
with labeled ligand alone and those labeled in the presence of excess
unlabeled ligand and was expressed as fmol/mg protein. Scatchard
analysis (19) was performed in cells and cell extracts as previously
described (17).

Determination of the Rate of Steroid Dissociation. Cell extracts pre
pared in the absence or presence of molybdate were incubated with 50
nM [3H]dexamethasone in the absence or presence of excess ['HJdexa-
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GR IN SENSITIVE AND RESISTANT CEM CELLS

Table 1 Binding offHJdexamethasone in whole cells and cell extracts in the
absence ofmolybdate

Cells were incubated with 50 MM[>H]dexamethasone in the presence or absence
of 10 Â«M unlabeled dexamethasone for l h at 37'C. Specific binding was
determined as described in "Materials and Methods." Alternatively, extracts

prepared after gentle freeze-thaw lysis and low-speed centrifugation were incu
bated with SO MM[3H]dexamethasone in the presence or absence of 10 ^M
unlabeled dexamethasone for 2 h at 4'C or 30 min at 23'C. Specific binding was
determined as described in "Materials and Methods."

|'H]Dexamethasone binding

Cell line
Intact cells
(sites/cell)

Cell extracts (4'C) Cell extracts (23'C)

(fmol/mg protein) (fmol/mg protein)

6TG1.1
ICR27TK.3

1CR27TK.3 (%)"

20,794 Â±1860Cn =
1,650Â± 258(1 =

7.9%

72 Â±7 (n = 4)
45 Â±5 (n = 8)

62%

50 Â±2 (n = 2)
3 Â±3 (n = 3)

6%
" Expressed as percentage of binding in 6TG1.1 cells or cell extracts assayed

under equivalent conditions.

Table 2 Effect of sodium molybdate on fHJdex binding in 6TGI.I and
ICR27TK.3 extracts

Extracts of 6TG1.1 cells and ICR27TK.3 cells were prepared in the absence
or presence of 20 HIMsodium molybdate as described in "Materials and Methods"
and incubated with SO IIM [5H]dexamethasone in the absence or presence of 10
MM unlabeled dexamethasone as described in Table 1. Specific binding was
determined as described in "Materials and Methods."

Temperature
Cell line (%)Molybdate6TG1.1

44
+2323

+ICR27TK.3

44
+2323

+[3H]Dexamethasone

binding

(fmol/mgprotein)72

Â±7 (n
\l9Â±6(n50Â±2(n

97 Â±7(n4SÂ±S(n

46 Â±7(n3Â±3(n

44 Â±4 (n=

4)
=16)=

2)
=4)=

8)
=17)=

3)
= 17)

methasone for 2 h at 4Â°C.At the end of the incubation, additional
excess ['H]dexamethasone was added to all samples to prevent |TI|

dexamethasone reassociation. Samples were then incubated at either
4Â°Cor 23Â°C.At various times, aliquots (200 fi\) were taken from each

tube, and specifically bound ligand was determined as above. To deter
mine kan where dissociation appeared to be linear (ICR27TK.3, IM-9),
data were expressed as ln(specific binding at time I) versus time. Linear
regression was used to determine the slope (m) of the resulting straight
line, and A,,nwas expressed as â€”¿�m. In those cases where dissociation

was biphasic (6TG1.1, 3R7.6TG.4), the last four time points were
analyzed as above to determine the apparent kon of the "slow" compo

nent. This component was subtracted from the experimental data, and
the fcofrofthe "fast" component was determined after regression analysis

of the difference.
Analysis of GR Protein. Immunoblot analysis was performed as

previously described (20). Proteins were fractionated by discontinuous
SDS-PAGE (21) on 8% polyacrylamide gels, either before or after
immunopurification with the anti-GR antibody. Proteins were electro
phoretically transferred to nitrocellulose niters, and the GR was visu
alized using a 1:100 dilution of the anti-GR antibody AC40 (20) and
'"I-labeled Protein A (30 Ci/mg; Amersham, Arlington Heights, IL).

Molecular weights were determined from a standard curve constructed
from the mobilities of the presumed protein standards phosphorylase
* (M, -101,000), bovine serum albumin (M, -74,000), ovalbumin (M,
-50,000), and carbonic anhydrase (M, -33,000) (BioRad, Richmond,
CA). Alternatively, GR was labeled in intact cells with [3H]DM, frac
tionated by SDS-PAGE, and visualized by fluorography as previously
described (11).

DNA- and DEAE-Cellulose Chromatography. Fifty n\ of sample were
applied to 0.3-ml columns of DNA- or DEAE-cellulose equilibrated in
HEG buffer. Columns were washed twice with 1.0 ml HEG buffer

containing 20 HIM sodium molybdate and eluted with 1.0 ml HEG
buffer containing 0.5 M Nad.

Isolation and Preparation of Probes. The 1.6-kilobase Pst\/Cla\ and
the 1.3-kilobase Clal/Xbal fragments of pGR107 (22) were isolated in
low melting point agarose after digestion of pGR107 with the appro
priate restriction enzymes. Probes were labeled with [a-32P]dCTP (3000

Ci/mmol; Amersham) by the method of Feinberg and Vogelstein (23)
as previously described (20).

Isolation and Fractionation of Genomic DNA. Genomic DNA was
isolated using the A.S.A.P. Genomic DNA isolation kit (Boehringer
Mannhein, Indianapolis, IN). Briefly, approximately IxlO" cells were

harvested by centrifugation (120 x g) and washed with 5 ml cold sterile
PBS. The pellet was resuspended in 2 ml lysis buffer containing 60 n\
heat-inactivated RN'use A (10 mg/ml) and incubated at 37'C for 30

min. To this mixture were added 100 n\ of proteinase K (20 mg/ml),
and the mixture was incubated for 30 min at <>()'(. After incubation, 4

ml of column wash buffer were added, and the solution was mixed with
the preequilibrated column matrix. The lysate-matrix mix was allowed
to settle for 10 min, drained, and then washed with 3 ml column wash
buffer. The column was primed with 0.5 ml column elution buffer and
eluted with 2 ml of the same buffer. DNA was precipitated by the
addition of 1.2 ml isopropyl alcohol, collected by centrifugation ( 16,000
x g) for 20 min, and washed in 2 ml 70% ethanol. The DNA pellet was
dried under vacuum and resuspended in 10 mM Tris-HCl, 1 mM EDTA
(pH 7.6) at a concentration of 1 n%/v\. DNA (20 /Â¿g)was digested with
Ben (5 units/tig DNA) for 3-4 h. Additional enzyme (5 units/Vg DNA)
was added, and the reaction was continued overnight. Digested DNA
was extracted twice with an equal volume of phenol:chloroform:isoamyl
alcohol (25:24:1), ethanol precipitated, and washed twice in 70%
ethanol. The DNA pellet was dried and resuspended in 10 mM Tris-
HCl, l mM EDTA, (pH 7.6). Ten Mgof digested DNA were fractionated
on a 0.8% agarose gel, transferred to Nytran filters by standard proce
dures, and immobilized by irradiation with I 'V light for 30 sec. Filters
were incubated overnight at 65Â°Cin Church buffer (24) containing 32P-
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Fig. I. Thermal stability of ['Hjdexamethasone binding activity in the presence

and absence ofmolybdate. Extracts of 6TG1.1 (O, â€¢¿�)and ICR27TK.3 cells (D,
â€¢¿�)were incubated for various periods of time at 23'C in the presence (â€¢,â€¢¿�)or
absence (O, D) of 20 mM sodium molybdate. Aliquots were then labeled with [3HJ
dexamethasone for 2 h at 4'C in the presence or absence of unlabeled dexameth
asone. Specific binding was determined as described in "Materials and Methods,"

and data are represented as the fraction of maximal binding activity.
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20 60 80 100 120

TIME at 23 C (Minutes)

Fig. 2. Dissociation of [3H]dexamethasone from 6TG1.1 and ICR27TK.3 GR
at 23'C in the absence of molybdate. Extracts of 6TG1.1 (â€¢)and ICR27TK.3 (D)
cells were incubated with 50 nM [3H]dexamethasone in the presence or absence
of 10 jiM unlabeled dexamethasone for 2 h at 4Â°C.Additional unlabeled dexa-

methasone was added to all samples to prevent reassociation of labeled hormone,
and the samples were then incubated at 23Â°C.At various times aliquots (200 ul)

were removed, and the amount of bound hormone was determined as described
in "Materials and Methods." Results are expressed as the fraction of steroid

bound at t - 0.

labeled probe. After hybridization filters were washed twice at 25Â°Cin
lOx SSC containing 1% SDS, twice at 37Â°Cin Ix SSC containing 1%
SDS, and twice at 65Â°Cin 0.1 x SSC containing 1% SDS. Filters were

air dried and exposed to X-ray film (X-OMAT AR5; Eastman Kodak,

Rochester, NY).

RESULTS

To characterize the product of the putative GR' alÃele,steroid

binding was examined under a variety of conditions. Whole cell
binding assays performed on 6TG1.1 and ICR27TK.3 con
firmed our previous finding (16) that ICR27TK.3 contained
less than 10% of the binding activity seen in 6TG1.1 (Table 1).
However, analysis of the steroid-binding activity in cell extracts
of ICR27TK.3 prepared after gentle freeze-thaw lysis in the
absence of molybdate at 4Â°Cshowed the presence of signifi

cantly more steroid-binding activity (62% of 6TG1.1) than
detected in the whole cell preparations (7.9% of 6TG 1.1) (Table
1). Scatchard analyses confirmed the steroid-binding activity
seen in the single point assays described above. In addition,
they showed the presence of approximately twice as much
steroid-binding activity in 6TG1.1 (69.6 fmol/mg protein) as
in ICR27TK.3 (38.6 fmol/mg protein), with no significant
difference in the Kds (4.3 versus 4.7 nM) (data not shown).

However, when the binding activity was measured in these
cell extracts at 23Â°C,the steroid-binding activity in ICR27TK.3

(3 fmol/mg protein) was nearly eliminated, while binding activ
ity in 6TG1.1 was only somewhat reduced (50 versus 72 fmol/
mg protein) (Table 1). Thus, the GR' alÃeleappears to encode

a protein than can bind reversibly associating ligands in cell
extracts at 4Â°Cbut not at 23Â°C.In addition, the partial reduc
tion in binding activity seen in 6TG1.1 extracts assayed at 23Â°C
suggests that the protein encoded by GR' is also present in dexs

cells.
The partial loss of steroid-binding activity seen in 6TG1.1

and the nearly complete loss of steroid-binding activity seen in
ICR27TK.3, when assayed at 23Â°C,suggest that the protein
encoded by GR' loses its ability to bind steroid at 23Â°C.Alter
natively, since incubation of ['H]dexamethasone-labeled GR at
23Â°Cin the absence of molybdate can result in GR activation,

it was considered possible that the loss of binding seen at the
elevated temperature was similar to that seen in dexr acf mu
tants. In these mutants, the instability of steroid-GR complexes
during attempted activation results in the loss of steroid hor
mone (15, 17). To discriminate between these possibilities, the
effect of temperature on steroid-binding activity was determined
in the presence of molybdate (Table 2). When binding was
measured at 4Â°Cin the presence of molybdate, the steroid-

binding activity seen in extracts of ICR27TK.3 was comparable
to that seen in the absence of molybdate (45 versus 46 fmol/mg
protein). However, in contrast to the virtual lack of binding
seen when ICR27TK.3 was assayed at 23Â°Cin the absence of
molybdate, there was significant binding of [3H]dexamethasone

in the presence of molybdate (44 fmol/mg protein). In fact,
there did not appear to be any significant difference in the
binding seen in the presence of molybdate at 23Â°Cand that
seen at 4"C in either the presence or absence of molybdate.

Similarly, the presence of molybdate enhanced the binding
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Fig. 3. Dissociation of ['Hjdexamethasone from 6TG1.1 and ICR27TK.3 GR

at 23'C in the presence of molybdate. Extracts of 6TG1.1 (â€¢)and ICR27TK.3

(D) cells prepared in the presence of 20 HIMsodium molybdate were incubated
with 50 nM [3Hldexamethasone in the presence or absence of 10 Â¿IMunlabeled
dexamethasone for 2 h at 4Â°C.Additional unlabeled dexamethasone was added

to all samples to prevent reassociation of labeled hormone, and the samples were
then incubated at 23'C. At various times aliquots (200 //I) were removed, and the
amount of bound hormone was determined as described in "Materials and
Methods." Points, fraction of steroid bound (n = 4) at t = 0; hors, SEM.
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Table 3 Rates ofpHjdexamethasone dissociation from normal and mutant
receptors

Extracts of 6TG1.1, ICR27TK.3, IM-9, and 3R7.6TG.4 cells were prepared
in the presence of 20 HIM sodium molybdate as described in "Materials and
Methods." Extracts were incubated with 50 nM |3H]dexamethasone in the absence
or presence of 10 ^M unlabeled dexamethasone for 2 h at 4'C. Additional

unlabeled dexamethasone was added to all samples to prevent reassociation of
labeled hormone, and samples were then incubated for various periods of time at
4Â°Cor 23Â°C.The amount of bound hormone was determined as described in
"Materials and Methods." Rates of dissociation (*oir) were determined as de
scribed in "Materials and Methods."

Cellline6TG1.1ICR27TK.33R7.6TG.4IM-96TG1.1ICR27TK.3IM-9TemperatureCQ23232323444k,("slow")"0.0066min"10.0078

min~'0.0066
min'10.0277

h-'0.0182h-'*â€ž*k2

("fast")"0.0391

min-'0.0370
min'10.0240
min-'0.182h-'0.084

h'1

" "Slow" and "fast" components of biphasic dissociation were determined as
described in "Materials and Methods." In those cases where dissociation was

monophasic, only a single value was computed.

of [3H]dexamethasone in extracts of 6TG1.1 when assayed at
23Â°C(97 versus 50 fmol/mg protein). However, it appeared
that molybdate also enhanced the binding of [iH]dexametha-
sone at 4Â°C(119 versus 72 fmol/mg protein). This was contrary

to the results seen in ICR27TK.3, and it is not clear whether
this latter difference is the result of experimental variation or a
real effect of molybdate. Nevertheless, the ability of molybdate
to stabilize the binding of ICR27TK.3 GR at 23"C suggests

that ICR27TK.3 GR does not necessarily lose its ability to bind
steroid at elevated temperature. Indeed, the affinity of
ICR27TK.3 receptors for ['Hjdexamethasone at 23Â°Cin the
presence of molybdate (A"d= 12 HM)was comparable to that of

6TG1.1 receptors assayed under the same conditions (Ka = 11
HM)(data not shown).

To further examine the effect of temperature on the integrity
of the steroid binding site, cell extracts of 6TG1.1 and
ICR27TK.3 were incubated at 23Â°Cin the absence of steroid

and in the absence or presence of sodium molybdate for various
periods of time. Steroid-binding activity was then determined
at 4Â°Cin the presence of molybdate. Extracts prepared from

6TG1.1 and ICR27TK.3 both showed time-dependent de

creases in steroid-binding activity (Fig. 1) in both the absence
and presence of molybdate. Although the presence of molybdate
stabilized the ligand-free receptor in both 6TG1.1 and
ICR27TK.3, no cell line-specific differences in the rate of loss
of steroid-binding activity were seen. Therefore, these experi
ments provided no evidence for a temperature-sensitive steroid-
binding site in the product of the GR' alÃele.

The experiments described above clearly demonstrate that
the binding site in the protein encoded by GR' is not tempera

ture sensitive. Consequently, it seemed possible that the loss of
binding seen in ICR27TK.3 at 23Â°Cin the absence of molybdate

was the result of an activation-dependent process. To determine
whether the protein encoded by the GR' alÃelerapidly loses

steroid as a result of GR activation, extracts of 6TG1.1 and
ICR27TK.3 prepared in the absence of sodium molybdate were
labeled at 4Â°Cwith pHjdexamethasone in the absence or pres

ence of excess unlabeled dexamethasone. After labeling, addi
tional unlabeled dexamethasone was added to all samples to
prevent reassociation of the ['Hjdexamethasone, and samples
were incubated at 23Â°Cto promote activation. Aliquots were

taken at various time points and assayed to measure the pres
ence of bound steroid. The results showed that the rate of
dissociation of steroid from ICR27TK.3 receptors was signifi
cantly faster than the rate of dissociation from 6TG1.1 GR
(Fig. 2). This result is consistent with the hypothesis that the
GR' alÃeleencodes an acf or aci'-like protein. In addition, the

biphasic dissociation from 6TG1.1 receptors is consistent with
the presence of two different GR alÃelesin this cell line.

Based on the experiments described above, if the defect in
the protein encoded by the GR' alÃeleis an acf or ac/'-like

mutation, then (a) dissociation experiments performed in the
presence of molybdate should show a monophasic dissociation
curve for 6TG1.1; and (b) the rates of steroid dissociation from
6TG1.1 and ICR27TK.3 should be identical. To test these
predictions, time courses of steroid dissociation were performed
in the presence of molybdate. Surprisingly, the dissociation
curve from 6TG1.1 was still biphasic, and the dissociation rate
from ICR27TK.3 remained rapid (/cofr= 0.037/min) (Fig. 3 and
Table 3). Immunochemical analysis of samples taken during
the time course of dissociation above showed no substantial
decrease in the amount of immunoreactive M, 92,000 GR
protein in either 6TG1.1 or ICR27TK.3 extracts (Fig. 4). In
addition, scanning densitometry of the data in Fig. 4 showed

Fig. 4. Stability of GR protein at 23'C. At

various times, aliquots of the extracts used to
obtain the data in Fig. 3 were subjected to
SDS-PAGE as described in "Materials and
Methods." Fractionated proteins were trans

ferred to nitrocellulose filters and visualized
with the anti-GR antibody AC40 and '"I-la-
beled Protein A as described in "Materials and
Methods." A, 6TG1.1; B, ICR27TK.3. Num

bers to the left, mobilities of the prestained
protein standards phosphorylase b and bovine
serum albumin. Arrows, position of the GR. C.
As previously discussed, because of the low
concentration of GR in CEM cells, immuno-
blots of crude CEM cell extracts using the anti-
GR antibody AC40 contain a number of cross-
reacting bands (11). To confirm the identity of
the band identified as GR in A and B, GR was
covalemly labeled with (3H]DM in the absence

(U) or presence (C) of 10 Â¿<Mtriamcinolone
acetonide, fractionated by SDS-PAGE and vis
ualized by fluorography as described in "Ma
terials and Methods." Alternatively, in D GR

was immunopurified using immune (AC40) or
nonimmune serum, fractionated by SDS-
PAGE, and visualized by immunoblotting.

3 15 30 45 60 90 120 180 240

101â€”¿�

B
88 â€”¿�

2 5 15 30 45 60 90 120

101â€”¿�

74 â€”¿�
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Table 4 DNA- and DEAE-cellulose chromatography of normal and mutant
receptors after incubation at 23'C in the presence ofmolybdate

Extracts prepared from 6TG1.1 and ICR27TK.3 cells were incubated with 50
nM [3H]dexamethasone for 2 h at 23'C in the presence of 20 mM sodium

molybdate. Excess unlabeled dexamethasone (10 <IM)was added, and the samples
were placed at 23'C for the indicated period of time. Fifty-pi aliquots of each
sample were then applied to columns of DNA- or DEAE-cellulose as described
in "Materials and Methods." Columns were washed with HEG buffer containing

20 mM sodium molybdate and eluted with HEG buffer containing 0.5 M NaCl.
Activity eluted from DEAE-cellulose was presumed to reflect total (unactivated
+ activated) GR, while activity eluted from DNA-cellulose represents only acti
vated GR.

Cell line Time at 23'C dpm bound to dpm bound to %
DEAE-cellulose DNA-cellulose activated*

6TG1.1ICR27TK.3090030552518863117105626719387914.810.22.88.6

"The difference in the time of incubation of 6TG1.1 and ICR27TK.3 cell
extracts at 23'C reflects the fact that dissociation from ICR27TK.3 GR was much

more rapid than dissociation from 6TG1.1 GR (cf. Table 3).
*Calculated as dpmDNA^i

1.0

0.2

10 20 30 40

TIME (Hours)
Fig. 5. Dissociation of [3H]dexamethasone from 6TG1.1 and ICR27TK.3 GR

at 4'C in the presence ofmolybdate. Extracts of 6TG1.1 (â€¢)and ICR27TK.3 (D)

cells prepared in the presence of 20 mM sodium molybdate were incubated with
50 nM [3H]dexamethasone in the presence or absence of 10 /JM unlabeled dexa
methasone for 2 h at 4'C. Additional unlabeled dexamethasone was added to all

samples to prevent reassociation of labeled hormone, and the samples were
maintained at 4'C. At various times aliquots (200 v\) were removed, and the
amount of bound hormone was determined as described in "Materials and
Methods." Results are expressed as the fraction of steroid bound at / = 0.

that after 2 h at 23Â°Cthere was 79% of the initial amount of

immunoreactive GR protein in extracts prepared from 6TG1.1
cells and 67% in extracts prepared from ICR27TK.3 cells. Thus,
the results presented in Fig. 3 cannot be attributed to prefer
ential proteolysis of ICR27TK.3 receptors. Nor can they be
attributed to GR activation, since DEAE- and DNA-cellulose
chromatography indicated no significant receptor activation
(Table 4). Comparable results were obtained when dissociation
was measured at 4'C (Fig. 5 and Table 3). Thus, it appears that
the phenotype of the protein encoded by the GR' alÃeleis
distinctly different from the act1 phenotype. Indeed, when the

rate of steroid dissociation was measured from an authentic
ac/' mutant (3R7.6TG.4) at 23'C in the presence ofmolybdate,

a biphasic dissociation curve containing both a slow (A;,,,,=
0.0078/min) and a fast (Aroft-= 0.024/min) component was
obtained (Fig. 6 and Table 3).

The above results are entirely consistent with the presence
of two different GR alÃelesin CEM cells. To further test this
hypothesis, the rates of steroid dissociation from 6TG1.1 and
ICR27TK.3 GR were compared to the rate of dissociation from
receptors in the putatively homo/ygous human B-cell line IM-
9 (Fig. 7 and Table 3). In contrast to the rapid off rate seen
from ICR27TK.3 and the biphasic off rate seen from 6TG1.1,
the rate of dissociation from IM-9 GR was linear with a
relatively slow kon of 0.0066/min. This off rate was nearly
identical to the "slow" component seen for 6TG1.1. Indeed,

when a theoretical dissociation curve was constructed in which
it was assumed that the protein encoded by GR" and GR' were

equally represented in 6TG1.1 cells, this curve was indistin
guishable from the actual experimental data obtained for
6TG 1.1. Comparable results were obtained when the dissocia
tion rates were measured at 4Â°C(data not shown). Thus, it
appears that 6TG1.1 cells express both the GR" and the GR'

alÃeles.
A Ac/I restriction fragment-length polymorphism has previ

ously been reported for the human GR gene, yielding hybridiz
ing fragments of either 2.3 or 4.5 kilobases (25). To determine
whether CEM cells are heterozygous for this polymorphism,
Ac/I digests of DNA isolated from 6TG1.1 cells were probed
with a 1.6-kilobase Pstl/Clal fragment (corresponding to the
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Fig. 6. Dissociation of [3H]dexamethasone from 3R7.6TG.4 GR at 23'C in

the presence of molybdate. Extracts of 3R7.6TG.4 cells prepared in the presence
of 20 mM sodium molybdate were incubated with 50 nM [3H]dexamethasone in
the presence or absence of 10 MMunlabeled dexamethasone for 2 h at 4'C.
Additional unlabeled dexamethasone was added to all samples to prevent reas-
sociation of labeled hormone, and the samples were incubated at 23'C. At various

times aliquots (200 jil) were removed, and the amount of bound hormone was
determined as described in "Materials and Methods." Results are expressed as
the fraction of steroid bound at i = 0.
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40 60 80 100 120
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Fig. 7. Dissociation of [3H]dexamethasone from 6TG1.1, ICR27TK.3, and
IM-9 GR at 23'C in the presence of molybdate. Extracts of 6TG1.1 (â€¢),
ICR27TK.3 P), and IM-9 (V) cells prepared in the presence of 20 min sodium
molybdate were incubated with SO IIM [3H]dexamethasone in the presence or
absence of 10 UMunlabeled dexamethasone for 2 h at 4Â°C.Additional unlabeled

dexamethasone was added to all samples to prevent reassociation of labeled
hormone, and the samples were then incubated at 23Â°C.At various times aliquots

(200 Â»il)were removed, and the amount of bound hormone was determined as
described in "Materials and Methods." Hashed line, theoretical curve constructed

assuming that 6TG1.1 cells contain equal proportions of the components present
in ICR27TK.3 and IM-9 cells and using values of JU for IM-9 and ICR27TK.3
from Table 3. The data for 6TG1.1 and ICR27TK.3 are taken from Fig. 3. Points,
fraction of steroid bound (n = 4 for 6TG1.1 and ICR27TK.3; n = 2 for IM-9) at
t = 0; bars, SEM.

characteristics of the proteins encoded by the GR* and GR'
alÃeles,the steroid-binding properties of GR present in dexs r*
and dexr r~ cells were examined in cell extracts prepared after

mild freeze-thaw lysis.
Initial analyses demonstrated that (a) 6TG1.1 contained

approximately twice as much steroid-binding activity as
ICR27TK.3 at 4Â°Cin the absence of molybdate; (b) in contrast
to the steroid-binding activity seen in ICR27TK.3 at 4Â°C,

steroid-binding activity was essentially eliminated in
ICR27TK..3 when assays were performed at 23Â°C,while steroid-

binding activity in 6TG1.1 was partially reduced; and (c) the
reduction of steroid-binding activity in ICR27TK..3 and 6TG1.1
at 23Â°Ccould be prevented by the addition of molybdate. In
addition, when whole cell binding assays were performed at 4Â°C

it was possible to detect significant binding activity in
ICR27TK.3 cells (data not shown).

Several lines of evidence suggest that despite the fact that the
product of the putative GR' alÃeledisplays many of the prop
erties previously associated with act1 mutants (15, 17), the

phenotypes of the two mutants are distinctly different. In con
trast to the virtual lack of steroid-binding activity in r~ mutants
assayed at 37Â°Cin intact cells, act1 mutants have significant,

albeit reduced steroid-binding activity when assayed under iden
tical conditions (4, 17). In addition, even at 4Â°Cin the presence

of molybdate (conditions under which there was no receptor
activation), dissociation of ligand from the GR present in
ICR27TK.3 cells was accelerated while dissociation from

A
1000

A
7000

A A
2500 3000

amino-terminal region of the receptor as well as all of the
proximal and part of the distal finger regions) and a 1.3-kilobase
Clal/Xbal fragment (corresponding to the remainder of the
distal zinc finger and the steroid binding domain) of pGR107
(22). The results showed that CEM cells are indeed poly
morphic for this restriction fragment-length polymorphism
(Fig. 8). However, the fact that this polymorphism was revealed
with the Pstl/Clal probe indicates that it is located in the amino-

terminal portion of the receptor and therefore cannot account
for the presence of the GR' alÃelein 6TG1.1 cells.

t e kb P*r i i M i

B

1 3 hb CIÂ»i Xftj l

DISCUSSION

The human GR gene is autosomal (22, 28). Based on analysis
of GR protein and mRNA expression in r~ mutants, we previ
ously proposed that dexs 6TG1.1 cells contain both a normal
and a mutant GR alÃele(11). The GR* alÃelewas proposed to

encode a functional GR protein that can bind dexamethasone
and DM and is immunoreactive. GR' was postulated to encode

a nonfunctional GR protein which although immunoreactive
and able to bind DM, cannot, under physiological conditions,
bind reversibly associating ligands such as dexamethasone. In
addition, we proposed that selection of dexr cells after muta-
genesis results in loss of expression of the GR+ alÃele(GR+/
GR' â€”¿�Â»GR'/GR'), leaving the dexr r~ cells with only the protein
encoded by GR'. To define the distinguishing biochemical

23 â€”¿�
2.0 â€”¿�

Fig. 8. Organization of the GR genes in 6TG1.1 cells. A, top, schematic
representation of human GR sequence indicating the regions encoded by exons
110 (26, 27); middle, partial restriction map of pGR107 (22) indicating vector
(thin line), 5' and 3' untranslated (thick line), and coding (open box) sequences.

B and C, genomic DNA isolated from 6TG1.1 cells was digested to completion
with Bell, fractionated by agarose gel electrophoresis, and transferred to Nytran
niters as described in "Materials and Methods." Filters were sequentially probed
with the 1.6-kilobase Pstl/Clal and 1.3-kilobase Clal/Xbal fragments of pGR 107
corresponding to the 5' and 3' regions, respectively, of the coding sequence.
Arrows, positions of the polymorphic 2.3- and 4.5-kilobase fragments.
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6TG1.1 cell GR was still biphasic. More importantly, under
these same conditions, dissociation of [3H]dexamethasone from
receptors in the act1 mutant 3R7.6TG.4 showed the same

biphasic characteristics seen with 6TG1.1 cell receptors. Taken
together these results suggest that the product of the GR' alÃele

contains an altered steroid-binding site and is expressed in both
dexs 6TG1.1 cells and the acf1 mutant 3R7.6TG.4. They also

suggest a logical explanation for the nearly complete absence
of ligand-binding activity in intact r cells assayed under phys
iological conditions. At 37Â°Cin intact cells, GR activation

should be virtually complete within a few minutes. Since even
normal activated receptors have extremely low affinity for li-

gand (29), the accelerated rate of dissociation from the receptors
encoded by the GR' alÃelewould result in an apparent lack of

receptors in these cells.
Despite the fact that rates of dissociation from 6TG1.1 and

ICR27TK.3 receptors were markedly different, Scatchard anal
yses failed to detect any significant differences in the Kds for
the receptors in the two cell lines. Nor did they detect the
presence of two binding components in 6TG1.1. This was in
contrast to results obtained with the novel pyrazolosteroid
cortivazol, which showed a single affinity class of binding sites
in dexr r~ cells but two affinity classes in the dexs parental cell

line (30, 31). One explanation for this apparent difference is
the possibility that the mutation in the GR' alÃeleresults in a

compensatory increase in &â€žâ€ž.Although it has been shown that
the rates of steroid association for different steroid agonists are
similar (32), an increased rate of association has been demon
strated for the glucocorticoid antagonist dexamethasone oxe-

tanone (33). It is therefore possible that a mutation(s) in the
steroid-binding domain of the GR could affect the rate of
association of traditional steroids such as dexamethasone but
not cortivazol. Alternatively, Srivastava and Thompson (34)
have recently proposed that in addition to binding to the tra
ditional ligand-binding site on the GR, cortivazol also binds to
a hydrophobic site not accessible to ligands such as dexameth
asone (34). If this is the case, then the two affinity classes
identified by cortivazol may not represent binding to different
GR alÃeles.

Based on the results presented here and our previous analysis
of GR protein and mRNA expression in dexs 6TG1.1 cells and
r~ mutants (11), we conclude that both sensitive and resistant

cells express a nonfunctional GR protein encoded by a putative
GR' alÃele.While the observation that the GR genes in dexs

CEM cells are heterozygous for a Ac/I polymorphism is con
sistent with this conclusion, it is doubtful that this polymor
phism is related to the r phenotype since it is widespread in
the general population, it is located in the 5' portion of the (iR

gene, and it is apparently not the result of mutation in the
coding sequence of the GR gene (25).5 In addition, preliminary

evidence suggests that not all clonal cell lines derived from
CCRF-CEM cells carry the GR' alÃele.Examination of the rate
of steroid dissociation from GR in the dexr cell line CEM-C1

indicated that this cell line, which contains fully functional GR
(35, 36), is homozygous for the GR+ alÃele.5Thus, in addition
to determining the precise mutation in the GR' alÃelerespon
sible for the r~ phenotype, it will be of considerable interest to

determine the distribution of this alÃelein the uncloned popu
lation of CCRF-CEM cells (37) from which CEM cell lines in
use in different laboratories have been derived.

* L. A. Palmer and J. M. Harmon, unpublished results.

REFERENCES

1. McCain-Lampkin. J., and Potter, M. Response to cortisone and development
of cortisone resistance in a cortisone-sensitive lymphosarcoma of the mouse.
J. Nati. Cancer Inst., 20: 1091-1109, 1958.

2. Sibley, C. II.. and Tomkins, G. M. Isolation of lymphoma cell variants
resistant to killing by glucocorticoids. Cell, 2: 213-220, 1974.

3. Bourgeois, S., and Newby, R. F. Diploid and haploid states of the glucocor
ticoid receptor gene of mouse lymphoid cell lines. Cell, //: 423-430, 1977.

4. Harmon, J. M., and Thompson, E. B. Isolation and characterization of
dexamethasone-resistant mutants from human lymphoid cell line CEM-C7.
Mol. Cell. Biol., /: 512-521, 1981.

5. Wood, k M., and Thompson, E. A. Isolation and characterization of
lymphosarcoma P1798 variants selected for resistance to the cytolytic effects
of glucocorticoids in vivo and in culture. Mol. Cell. Endocrino!., 37: 169-
180, 1984.

6. Sibley, C. H., and Tomkins, G. M. Mechanisms of steroid resistance. Cell,
2:221-227, 1974.

7. Pfahl, M., Kelleher, R. J., Jr., and Bourgeois, S. General features of steroid
resistance in lymphoid cell lines. Mol. Cell. Endocrinol., 10: 193-207,1978.

8. Huet-Minkowski. M., Gasson. J. C., and Bourgeois, S. Induction of gluco-
corticoid-resistant variants in a murine thymoma line by antitumor drugs.
Cancer Res., 41:4540-4546, 1981.

9. Westphal, H. M., Mugele, k . Beato, M., and Gehring, U. Immunochemical
characterization of wild-type and variant glucocorticoid receptors by mono
clonal antibodies. EMBO J., 3: 1493-1498, 1984.

10. Northrop, J. P., Gametchu, B., Harrison, R. W., and Ringold, G. M.
Characterization of wild-type and mutant glucocorticoid receptors from rat
hepatoma and lymphoma cells. J. Biol. Chem., 260:6398-6403, 1985.

11. Harmon, J. M., Elsasser, M. S., Eisen, L. P., Urda, L. A., Ashraf, J., and
Thompson, E. B. Glucocorticoid receptor expression in receptorless mutants
isolated from the human leukemic cell line CEM-C7. Mol. Endocrinol., 3:
734-743, 1989.

12. Danielsen, M., Northrop, J. P., and Ringold, G. M. The mouse glucocorticoid
receptor: mapping of functional domains by cloning, sequencing and expres
sion of wild-type and mutant receptor proteins. EMBO J., 5: 2513-2522,
1986.

13. Northrop, J. P., Danielsen, M., and Ringold, G. M. Analysis of glucocorticoid
unresponsive cell variants using a mouse glucocorticoid receptor complemen
tary DNA clone. J. Biol. Chem., 261: 11064-11070, 1986.

14. Harmon, J. M., Eisen, H. J., Brower, S. T., Simons, S. S., Jr., Langley, C.
L., and Thompson, E. B. Identification of human leukemic glucocorticoid
receptors using affinity labeling and anti-human glucocorticoid receptor
antibodies. Cancer Res., 44:4540-4547, 1984.

15. Schmidt, T. J., Harmon, J. M., and Thompson, E. B. "Activation-labile"
glucocorticoid-receptor complexes of a steroid resistant variant of CEM-C7
human lymphoid cells. Nature (Lond.), 286: 507-510, 1980.

16. Harmon, J. M., Thompson, E. B., and Baione, K. A. Analysis of glucocorti-
coid-resistant human leukemic cells by somatic cell hybridization. Cancer
Res., 45: 1587-1593,1985.

17. Harmon, J. M., Schmidt, T. J., and Thompson, E. B. Molybdate-sensitive
and molybdate-resistant activation-labile glucocorticoid-receptor mutants of
the human lymphoid cell line CEM-C7. J. Steroid Biochem., 21: 227-236,
1984.

18. Bradford, M. A rapid and sensitive method for the quantitation of microgram
quantities of protein. Anal. Biochem., 72: 248-254, 1976.

19. Scatchard, G. The attractions of proteins for small molecules and ions. Ann.
N.Y. Acad. Sci., 51:660-672, 1949.

20. Eisen, L. P., Elsasser, M. S., and Harmon, J. M. Positive regulation of the
glucocorticoid receptor in human T-cells sensitive to the cytolytic effects of
glucocorticoids. J. Biol. Chem., 263: 12044-12048, 1988.

21. Laemmli, U. K. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.), 227: 680-685, 1970.

22. Hollenberg, S. M., Weinberger, C., Ong, E. S., Cerelli, G., Oro, A., Lebo,
R., Thompson, E. B., Rosenfeld, M. G., and Evans, R. M. Primary structure
and expression of a functional human glucocorticoid receptor cDNA. Nature
(Lond.), 318:635-641, 1985.

23. Feinberg, A. P., and Vogelstein, B. A technique for radiolabeling DNA
restriction endonuclease fragments to high specific activity. Anal. Biochem.,
732:6-13, 1983.

24. Church, G. M., and Gilbert, W. Genomic sequencing. Proc. Nati. Acad. Sci.
USA, 81: 1991-1995, 1984.

25. Murray, J. C., Ardinger, H. A., and Weinberger, C. RFLP for the glucocor
ticoid receptor (GRL) located at 5ql l-5ql3. Nucleic Acids Res., 15: 6765,
1987.

26. Encio, I. J., and DÃ©fera-Wadleigh,S. D. The genomic structure of the human
glucocorticoid receptor. J. Biol. Chem., 266: 7182-7188, 1991.

27. Zong, J., Ashraf, J., and Thompson, E. B. The promoter and first, untrans
lated exon of the human glucocorticoid receptor gene are GC rich but lack
consensus glucocorticoid receptor element sites. Mol. Cell. Biol., 10: 5580-
5585, 1990.

28. Gehring, U., Segnitz, B., Foellmer, B., and Francke, U. Assignment of the
human gene for the glucocorticoid receptor to chromosome 5. Proc. Nati.
Acad. Sci. USA, 82: 3751-3755, 1985.

29. Nemoto, T., Ohara-Nemoto, Y., Denis, M., and Gustafsson, J. A. The
transformed glucocorticoid receptor has a lower steroid-binding affinity than

5230

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/19/5224/2445339/cr0510195224.pdf by guest on 19 M

ay 2023



GR IN SENSITIVE AND RESISTANT CEM CELLS

the nontransformed receptor. Biochemistry, 29: 1880-1886, 1990. cocorticoid activity? Endocrinology, Â¡14:2252-2263, 1984.
30. Schlechte, J. A., Simons, S. S.. Jr., Lewis, D. A., and Thompson, E. B. [3H] 34. Srivastava, D., and Thompson, E. B. Two glucocorticoid binding sites on the

cortivazol: a unique high affinity ligand for the glucocorticoid receptor. human glucocorticoid receptor. Endocrinology, Â¡27:1770-1778, 1990.
Endocrinology, 117: 1355-1362, 1985. 35. Zawydiwski, R., Harmon, J. M., and Thompson, E. B. Glucocorticoid-

31. Schlechte, J. A., and Schmidt, T. J. Use of ['Hjcortivazol to characterize resistant acute lymphoblastic leukemic cell line with functional receptor,
glucocorticoid receptors in a dexamethasone-resistant human leukemic cell Cancer Res., 43: 3865-3873, 1983.
line. J. Clin. Endocrinol. Metab., 64: 441-446, 1987. 36. Yuh, Y-S., and Thompson, E. B. Complementation between glucocorticoid

32. Bell, P. A., and Munck, A. Steroid-binding properties and stabilization of receptor and lymphocytolysis in somatic cell hybrids of two glucocorticoid-
cytoplasmic glucocorticoid receptors from rat thymus cells. Biochem. J., 136: resistant human leukemic clonal cell lines. Somatic Cell Mol. Genet., 13:
1973. 33-46, 1987.

33. Lamontagne, N., Mercier, L., Pons, M., Thompson, E. B., and Simons, S. 37. Foley, G. E., Lazarus, H., Farber, S., Uzman, B. G., Boone, B. A., and
S., Jr. Glucocorticoid versus antiglucocorticoid activity: can a single fune- McCarthy, R. E. Continuous culture of human lymphoblasts from peripheral
tional group modification of glucocorticoid steroids always convey antiglu- blood of a child with acute leukemia. Cancer (IMiÂ¡la.).IX: 522-529, 1965.

5231

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/19/5224/2445339/cr0510195224.pdf by guest on 19 M

ay 2023


