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ABSTRACT

The molecular basis for the receptorless (r~) and activation-labile (act1)

phenotypes of glucocorticoid-resistant mutants isolated from glucocorti-
coid-sensitive human leukemic CEM-C7 cells was determined. Clones
isolated from a complementary DNA library prepared from r" ICR27TK.3

cells, in which one glucocorticoid receptor (GR) gene has been deleted,
contained a single adenosine to thymidine transversion in the third posi
tion of codon 753, resulting in the substitution of phenylalanine for leu-
cine. This mutant gene (GR753F) had only 13% of the irans-activating

activity of the normal gene and produced a MT 92,000 receptor protein
with the same r~ phenotype seen in ICR27TK.3 cells. Analysis of comple

mentary DNA clones isolated from a library prepared from parental
glucocorticoid-sensitive 6TG1.1 cells showed that these cells express both
a normal GR gene (GR*) and the GR753F gene. Thus, their genotype is
GR*IGR753F. Analysis of clones isolated from a complementary DNA

library prepared from glucocorticoid-resistant activation-labile 3R7.

6TG.4 cells revealed the presence of the GR753F gene and a second
mutant gene (GR42IY) containing a guanosine to adenosine transition in
the second position of codon 421, resulting in the replacement of the first
cysteine of the proximal zinc finger of the DNA-binding domain by ty-
rosine. This mutant had no /rans-activating activity but normal ligand-
binding characteristics. Thus, the genotype of act1 3R7.6TG.4 cells is

GR421Y/GR753F. Consequently, the sequence-specific DNA-binding ac
tivity of receptors in act1 cells is attributable to the GR753F gene, while the

ligand-binding activity seen in intact cells is attributable to the GR42IY
gene. These results provide a direct explanation for the r and act1 phe

notypes of glucocorticoid-resistant cells and demonstrate that glucocorti
coid-sensitive cells derived from CEM-C7 cells contain a heterogeneous

population of normal and mutant receptors.

INTRODUCTION

Various murine and human lymphoid cell lines have been used to
investigate the mechanism of glucocorticoid-induced cell death and
the mechanism(s) by which cells initially sensitive to the growth-

inhibitory effects of corticosteroids become resistant. Among these are
the dexs3 mouse cell lines P1798, S49, and WEHI-7 and the dexs

human leukemic cell line CEM-C7 (1, 2). These cell lines have also

been used to examine the ability of cytotoxic drugs, which are often
used in combination with corticosteroids in the treatment of leukemias
and lymphomas, to induce mutations resulting in steroid resistance
(3, 4), as well as to examine the biochemical and physical properties
of the GR protein (5-7).

Analysis of dexr mutants isolated from dexs CEM-C7 cells showed

that acquisition of steroid resistance in vitro most often occurred as a
result of mutation in the GR gene (4, 8), reflecting the fact that dexs
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CEM-C7 cells contain only one functional copy of the GR gene
(4, 7-9). However, comparison of the phenotypes of spontaneously
arising dexr clones with those obtained after mutagenesis with tradi

tional chemical mutagens or cytotoxic drugs revealed distinct differ
ences between spontaneous and induced GR mutations, suggesting
different mutational mechanisms. Induced dexr mutants generally con

tained little if any steroid-binding activity and were therefore charac
terized as r (4, 8). In contrast, spontaneously arising dexr clones all

displayed a complex phenotype characterized by (a) decreased nu
clear translocation of ligand-receptor complexes in vivo (8, 10) and

(b) an inability, in vitro, of the receptors in these cells to retain bound
ligand during activation of the ligand-receptor complex to the DNA-
binding form (10-12). While the former characteristic was analogous
to the nuclear transfer-deficient phenotype described in mouse S49
cells (13-15), the unusual conditional instability of the ligand-receptor
complexes in these cells led us to classify this phenotype as act1 (10,

11). In addition, unlike the receptors in nuclear transfer-deficient cells
(16), the receptors in act1 cells specifically bound glucocorticoid re

sponse elements in the MMTV promoter with high affinity and spec
ificity in vitro (12).

Recently, we showed that, although there was no ligand-binding
activity in intact dexr r ICR27TK.3 cells assayed at 37Â°C,these cells

in fact contain a M, 92,000 GR protein encoded by a mutant gene
(originally designated GR*) which can bind steroid under conditions

where activation to the DNA-binding form is inhibited (7, 9). Kinetic

analysis of the binding characteristics of this protein revealed that the
rate of ligand dissociation was significantly more rapid than that from
normal receptors (9). In addition, by taking advantage of the fact that
CEM cells are heterozygous for a Bell restriction fragment length
polymorphism in the 5'-end of the GR gene, as well as by direct

cytogenetic analysis, we demonstrated that in ICR27TK.3 cells the
normal (GR +) gene has been deleted (4). Based on these observations,

as well as on the biphasic kinetics of ligand dissociation from the
receptors present in dexs 6TG1.1 cells (9), we proposed that the
genotype of dexs CEM cells is GR+/GR' (4, 7, 9). If this is the case,
then the expression of the GR' gene in dex5 CEM cells could com

plicate the interpretation of experiments in which these cells have
been used to study the biochemical properties of the GR.

Since the GR* gene encodes a nonfunctional protein, there is no

way to select against it during isolation of dexr clones. Consequently,
this mutant alÃeleshould be present not only in dexs and r cell lines
but also in act1 cell lines. Thus, rather than being the result of a single
mutation, the complex phenotype seen in act1 mutants would be the

result of the presence of two different mutant GR proteins. This would
be consistent with analysis of the rate of ligand dissociation from
receptors present in act1 cells, which showed the same multicompo-
nent pattern seen in dexs cells (9), and with the observation that the
mutant GR protein present in r~ ICR27TK.3 cells displayed condi

tional instability similar to that described for the mutant receptors
present in act1 cells (9).

To determine the genotypes of dexs, dexr r~, and act1 CEM cells, as
well as to identify the specific mutation present in the GR" gene, the

GR genes present in dexs 6TG1.1 cells, r ICR27TK.3 cells, and act1

3R7.6TG.4 cells have been cloned and expressed. Our results show
that all three cell lines express a mutant GR gene (GR753F) contain-
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ing a single adenosine to thymidine transversion in codon 753, which
results in the substitution of phenylalanine for leucine. In addition,
while dexs 6TG1.1 cells also express a normal GR* gene, act' 3R7.

6TG.4 cells were found to express both the GR753F gene and a
second mutant GR gene (GR421Y) with a single guanosine to aden
osine transition in codon 421 that results in the substitution of tyrosine
for the first cysteine of the proximal zinc finger of the DNA-binding

domain. These results thus identify the specific mutation present in the
GR' gene and prove that this gene is present not only in dexr r~ cells

but also in dexs and dexr act1 cells.

MATERIALS AND METHODS

Materials. [l,2,4(N)-'H]Dexamethasone (1.41 TBq/mmol) and [a-'2P]-

dCTP (110 TBq/mmol) were obtained from Amersham (Arlington Heights,
IL); i)-Ã/irfo-(Ã//Ã-/i/or6>ac-Ã.'Ãy/-l,2-l4C]chloramphenicol(2.15 GBq/mmol) and
[a-MS]dATP (37-55 TBq/mmol) were obtained from New England Nuclear

(Boston, MA). RPMI 1640 tissue culture medium and fetal bovine serum were
purchased from JRH Biosciences (Lenexa, KS). Dulbecco's modified Eagle

medium containing 4.5 g/liler glucose and 110 mg/liter sodium pyruvate was
obtained from GIBCO BRL (Gaithersburg, MD), as were most enzymes and
chemicals. Oligonucleotide primers for DNA sequencing were synthesized on
an Applied Biosystems model 392 synthesizer. Synthetic peptides were syn
thesized and conjugated to KLH by Multiple Peptide Systems (San Diego,
CA).

Cells and Cell Culture. The CCRF-CEM-derived dexs cell line 6TG1.1
and the dex' cell lines ICR27TK.3 and 3R7.6TG.4 have all been described

previously (17). Cells were grown in RPMI 1640 medium supplemented with
10% fetal bovine serum. African green monkey kidney CV1 cells (kindly
provided by Anna Riegel, Georgetown University) and COS-7 cells (American
Type Culture Collection, Rockville, MD) were grown in Dulbecco's modified

Eagle medium supplemented with 10% fetal bovine serum, 200 units/ml pen
icillin, and 200 (Â¿g/mlstreptomycin.

Preparation and Screening of cDNA Libraries. Total cell RNA was
prepared from 4 X 10" cells by the method of Chomczynski and Sacchi (18),
followed by centrifugaron at 150,000 x g (for 18 h at 18Â°C)through 5.7 M

CsCl containing 0.1 M EDTA. Poly(A)+ RNA was isolated by oligothymidy-

late-cellulose chromatography. Directional cDNA libraries were prepared us

ing a ZAP cDNA synthesis kit (Stratagene, La Jolla, CA). with the following
modifications. First-strand synthesis was performed as directed by the manu
facturer, except that 10 fig of poly(A)f RNA were used as template. The

first-strand products were extracted with phenol:chloroform:isoamyl alcohol
(25:24:1), precipitated with ethanol, and resuspended in 300 fil of diethyl-
pyrocarbonate-treated H20. Second-strand synthesis was performed in 400 /Â¿I
of 25 mM Tris-HCl buffer, pH 8.3, containing 100 mm KCI, 5 ITIMMgCl2, 10
mM (NH4)2SO4, 5 HIMdithiothreitol, 0.15 mM ÃŸ-NAD+ (Sigma, St. Louis,

MO), 250 fiM concentrations of each deoxynucleoside triphosphate, 65
units/ml Escherichia coli DNA ligase, 250 units/ml E. coli DNA polymerase I,
and 13 units/ml RNase H, for 3 h at 15Â°C.Products were extracted sequentially

with phenol:chloroform (1:1) and chloroform and precipitated wiih ethanol. All
subsequent manipulations, including size selection, ligation to EcoR\ linker
adapters, digestion with Xhol, ligation to Â£coRI/A7ioI-digested, dephosphory-

lated, A Zap II vector arms, packaging, and amplification were done according
to the manufacturer's instructions.

One million recombinant phage from each amplified library were plated on
E. coli PLK-F' (Stratagene) and screened by filter lift hybridization, using the

1.6-kilobase Pstl/Clal fragment of pGR107 (which contains coding sequence
from the amino-terminal and DNA-binding domains of the hGR) (19) labeled
with [a-Ã®:P]dCTPby the method of Feinberg and Vogelstein (20). Positively

hybridizing plaques were purified by three rounds of plaque purification and
the inserts were subcloned in vivo by excision from the phagemid vector using
helper phage R408 (Stratagene), in E. coli XLl-Blue. The identity of rescued
plasmids was confirmed by restriction mapping. Three hGR clones (pGR'l,

pGR"2, and pGR"3) were isolated from the cDNA library prepared from

ICR27TK.3 cell mRNA, six clones (p6TGl-p6TG6) were isolated from the
library prepared from ftTGl.l cell mRNA, and six clones (p3R71-p3R76) were

isolated from the library prepared from 3R7.6TG.4 cell mRNA. Restriction site
and sequence analyses indicated that all 15 clones originated from initiation of

first-strand synthesis within a stretch of 18 adenosine residues located in the
3'-untranslated region, 752 nucleotides downstream from the translation slop

codon.
DNA Sequencing. DNA sequencing was performed on double-stranded

plasmid DNA using the Sequenasc version 2.0 sequencing kit (Uniled States
Biochemicals, Cleveland, OH), [a-%5S]dATP, and a set of synthetic oligonu-

cleotide sequencing primers (17-mers) which allowed the complete sequence

of both strands of each insert to be determined.
Construction of GR Expression Vectors. The 1.1-kilobasc ClaUPflMl

fragment of pGR"3 and the 1.0-kilobasc Sall/Cla\ fragment of p3R72 were

excised, isolated by gel purification, and used to replace the corresponding
fragments of the hGR expression vector pRShGRa (21), creating the expres
sion vectors pRShGR753F and pRShGR421Y. respectively. The presence of
the relevant mutations and correct ligation were confirmed by DNA sequenc
ing.

Transfections. CV1 cells were plated at 8 X IO5 cells/60-mm well and

were transfected 24 h later by calcium phosphate precipitation (22), using a
transfection kit purchased from GIBCO BRL, wilh 1 fig of hGR expression
vector, 2 fig of the reporter plasmid MSG-CAT (Pharmacia LKB, Piscalaway,
NJ), 5 fig of the ÃŸ-galactosidase expression vector pCHl 10 (Pharmacia LKB),
and 7 fig of the carrier plasmid pBluGR5'.2, consisting of a 498-base pair
fragment of the 5'-flanking region of the hGR gene inserted into pBluescript

II SK+.4 COS-7 cells were seeded at either 8 X IO5 cells/60-mm well or 10"

cells/100-mm dish and were transfected with 3-5 fig of receptor expression
vector and 10-12 fig of carrier DNA. After 18 h, cells were washed twice with

PBS, and fresh medium (with or without addition of dexamcthasone) was
added. Cells were harvested 48 h after transfection.

CAT Assays. Extracts were prepared from CV1 cells as described by
Gorman el al. (23). CAT activity was assayed in 200 fil of 0.25 M Tris-HCl
buffer, pH 8.0, containing 0.8 mM acetyl-CoA (Sigma) and 0.1 fiCi of [MC]-
chloramphenicol, at 37Â°C for 18 h, as described by Gorman et al. (23).

Reactions were extracted with ethyl acetate, and acetylated products were
resolved by thin layer chromatography on silica gel plates using chlorotorm-

:methanol (95:5), followed by autoradiography. To quantify the amount of
acelylated products, individual spots were scraped from the plates and radio
activity was determined in a Beckman LS7800 liquid scintillation counter
programmed for dpm conversion. To correct for variations in transfection
efficiency, a portion of each extract was assayed for ÃŸ-galactosidase activity by
the method of Miller (24), and the ratio of CAT to ÃŸ-galactosidase activity was

determined for each extract.
Measurement of [-'HJDexamethasone-binding Activity in Intact Cells.

COS-7 cells, grown in 60-mm wells, were assayed for ['H]dexamethasone-

binding activity 48 h after transfection. For each determination, cells in qua
druplicate wells were incubated for 1 h at 37Â°Cin complete medium containing
25 nM ['Hjdexamethasone or 25 nM pHldexamethasone plus 10 fiM unlabeled

dexamethasone. Each well was washed four times with 2 ml ice-cold PBS and

then extracted for 30 min with 2 ml ethanol. Radioactivity in the ethanol
extract was determined by liquid scintillation counting. Specific binding was
determined as the difference between binding activity in wells containing
['H]dexamethasone alone and those containing |'H]dexamethasone and unla

beled hormone.
Measurement of pHJDexamethasone-binding activity in Cell Extracts.

COS-7 cells were harvested by trypsinization, as described by Chakraborti et

at. (25). Following centrifugation, the cell pellet was washed three times wilh
ice-cold PBS, frozen, and stored at -70Â°C until needed. Frozen cell pellets

were thawed on wet ice, vigorously resuspended in 200 fil lysis buffer [ 10 mM
4-(2-hydroxyethyl)-l-piperazinecthanesulfonic acid, 1 mM EDTA, 10% glyc-

erol, 27 HIMNa2MoO4, pH 8.0], and ccntrifuged at 12,000 x g for 15 min at
4Â°C.The supernatant was recovered, and ['Hjdexamethasone-binding activity

was determined essentially as described by Palmer and Harmon (9). Binding

was expressed as fmol/mg protein.
Preparation of Anti-hGR Antiserum. A synthetic 28-amino acid peptide

(CKPLILPDTKPKIKDNGDLVLSSPSNVT-amide) corresponding to residues

Cys245 to Thr272 within the immunogenic domain of the hGR, conjugated
through the amino-terminal cysteine to KLH, was used to immunize three (709,

710, and 711) female New Zealand White rabbits. Animals were immunized at
4-week intervals with 0.55 mg peplide conjugated to 1.2 mg KLH. suspended

4 R. R. DentÃ³n, and J. M. Harmon, unpublished observations.
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in I ml complete (primary and secondary immunizations) or incomplete
(booster immunizations) Freund's adjuvant, as described previously (26). An

imals were bled 10 days after each immunization and sera were analyzed for
the presence of anti-hGR antibodies as described previously (26, 27). All three
rabbits yielded specific anti-hGR antisera after the third immunization, as

judged by immunoadsorption of native hGR, the ability of the antibodies to
increase the sedimentation rate of unactivated and activated [3H]dexametha-

sone-labeled hGR on sucrose gradients, and immune-specific interaction with
the M, 92,000 hGR isolated from IM-9 cells.

Immunoblotting. Extracts prepared from COS-7 cells, as described above,
were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis on 8% polyacrylamide gels and transferred to nitrocellulose filters as
described previously (28). hGR protein was visualized by enhanced chemilu-

minescence (Amersham), using a 1:1000 dilution of antiserum 710 followed by
incubation with a 1:5000 dilution of donkey anti-rabbit IgG conjugated to

horseradish peroxidase. Filters were then incubated with equal portions of
luminol and hydrogen peroxide for 1 min, followed by exposure to Hyperfilm
(Amersham). Molecular weights were determined from the mobilities of the
prcstaincd protein standards phosphorylase b (Mr 101,000), bovine serum
albumin (M, 74,000), ovalbumin (M, 50,000), and carbonic anhydrase
(M, 33.000) (Bio-Rad Laboratories, Hercules, CA).

RESULTS

We previously showed that in r~ ICR27TK.3 cells the normal hGR

gene (CR+) has been deleted (4). The remaining gene (originally
designated GR') encodes a mutant protein which is unable to bind
ligand in intact cells at 37Â°Cbut can bind ligand in vitro under

conditions which inhibit activation of ligand-receptor complexes (9).
To determine the specific mutation present in the GR' gene, a cDNA

library prepared from 1CR27TK.3 cell poly(A)+ mRNA was screened

with a 1.6-kilobase Pstl/Clal fragment of pGR107 (19), containing
sequence from exons l^t of the hGR gene. Three clones were iso
lated, and the sequence of the longest, pGR"3, containing all but the

5' 216 nucleotides of coding sequence, was determined. A single

adenosine to thymidine transversion in the third position of codon 753
was identified, resulting in the substitution of phenylalanine for leu-
cine at residue 753 within the carboxyl-terminal portion of the ligand-

binding domain (data not shown). The other two clones contained the
same mutation (data not shown), indicating that this mutation was not
the result of a cloning artifact. Thus, the GR" gene is in fact GR753F

and the genotype of ICR27TK.3 cells is &GR+/GR753F (Table 1).
Since pGR*3 was not full length, to confirm that the mutation in

codon 753 was responsible for the altered ligand-binding properties of
the mutant receptors in ICR27TK.3 cells, the region of pGR*3 con

taining the adenosine to thymidine mutation was exchanged with the
corresponding region of the wild-type hGR expression vector pRSh

GRa (21) to construct the mutant expression vector pRShGR753F.
Wild-type and mutant receptors were expressed in COS-7 cells to
examine protein expression and ligand-binding activity and in CV1
cells cotransfected with the reporter plasmid MSG-CAT to assess their
iraÂ«s-activating activity. COS-7 cells transfected with pRShGR753F

expressed a Mr 92,000 Â¡mmunoreactive hGR protein (Fig. 1, lane 4),
which was absent in mock-transfected cells (Fig. 1, lane 2) and

indistinguishable in size from that expressed in cells transfected with
the wild-type expression vector (Fig. 1, lane 3) or the endogenous
receptor present in IM-9 cells (Fig. 1, lane 1). With the exception of

a MT72,000 component present in all of the lanes in Fig. 1, which by

Table 1. Phototypes and genotypes of dex' and dex' CEM cells

Cell line Phenotype Genotype

6TG1.1
ICR27TK.3
3R7.6TG.4

dexs, r+
dex', r

dex', act'

GRtIGR753F"
AGÃ„+/GÃ„753F

GR421YIGR753F

( (
&

Mr

â€”¿�101
Â«â€¢- â€”¿� â€”¿� -74

â€¢¿�

50

12345
Fig. 1. Expression of normal and mutant hGR in COS-7 cells. Cytosolic extracts of

IM-9 cells (lane 1), mock-transfected COS-7 cells (lane 2), or COS-7 cells transfected
with pRShGRa (lane 3), pRShGR753F (lane 4), or pRShGR421Y (lane 5) were frac
tionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and hGR was
visualized by immunoblotting as described in "Materials and Methods." The mobilities of

the size standards are indicated on the right.

Table 2. Ligand-binding activity of GR mutants transfected into COS-7 cells

COS-7 cells were transfected with the wild-type expression vector pRShGRa, the
mutant expression vector pRShGR753F (in which Leu753 has been replaced by Phe75.i),
or the mutant expression vector pRShGR421Y (in which Cys42i has been replaced by
Tyr42i), as described in "Materials and Methods." ['HJDexamethasone binding activity
was assayed in intact cells or in cell extracts as described in "Materials and Methods."

Results are expressed as the percentage of binding activity seen in cells transfected with
pRShGRa.

Expression vectortransfectedpRShGRa

(wild-type)
pRShGR753F(GÂ«")

PRShGR421YBinding

(Intact

cells100

(n = 3)
19 (n = 2)
86 (n = 2):%)Cell

extracts100

(n = 2)
84 (n = 2)
53 (Â«= 2)

' GK753F was originally designated GR' (4, 7, 9).

virtue of its presence in extracts prepared from mock-transfected cells
appears to represent cross-reactivity of the anti-hGR antiserum with a

nonreceptor protein, the lower molecular weight bands seen in sam
ples prepared from cells transfected with any of the hGR expression
vectors most probably result from limited proteolysis of the receptor
during sample preparation. However, analysis of several experiments
such as the one presented in Fig. 1 showed no consistent differences
in the amounts or the extent of proteolysis of receptors expressed from
the normal and mutant expression vectors.

Comparison of pH]dexamethasone-binding activity at 37Â°Cin in

tact COS-7 cells transfected with pRShGRa or pRShGR753F re

vealed that cells transfected with pRShGR753F had only 19% of the
binding activity present in cells transfected with the wild-type gene

(Table 2). However, when binding was assayed in cell extracts under
conditions which inhibit receptor activation, the binding activity in
extracts prepared from cells transfected with pRShGR753F was nearly
equal to that seen in extracts prepared from cells expressing the
wild-type receptor (Table 2). These results are analogous to those
obtained with ICR27TK.3 cells, where, although [3H]dexamethasone-
binding activity in intact cells was only 8% of that present in dexs

parental cells, binding was markedly elevated in cell extracts assayed
at 4Â°Cin the presence of molybdate (7, 9). Thus, the substitution of

phenylalanine for leucine at residue 753 is responsible for the r
phenotype of receptors in these cells.

To assess the Â¿raws-activating activity of the GR753F gene, CV1

cells were cotransfected with either pRShGRa or pRShGR753F and
the reporter plasmid MSG-CAT containing the MMTV long terminal

repeat linked to the CAT structural gene. Transfected cells were
treated with dexamethasone, and induction of CAT activity was de
termined. Fig. 2 shows that, in contrast to the 187-fold induction of
CAT activity obtained in cells transfected with the wild-type receptor,
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Leu-.-Ph.. ,,-Â» Tyr.,

DeÂ«

MSGCAT

250

200

150

50

40

30

20

10

123 45

B

7 8 9 10 11 12 13 14 15

â€¢¿�f + - +

Wild-type Leu,â€ž-Phe,u Cys^-Tyr.,,

Fig. 2. Transcriptional activity of normal and mutant hGR receptors. In Â¿4,CV1 cells
were transfccled with the CAT reporter plasmid MSG-CAT and the wild-type (Â«â€¢()hGR
expression vector pRShGRa or the mutant expression vectors pRShGR753F or
pRShGR42! Y, as indicated. Transfected cells were grown in the absence or presence of
11)0 nsi dexamethasone (Dt'x) for 48 h, and CAT activity was assayed as described in
"Materials and Methods." In B, the relative CAT activity for each transfection was
determined as described in "Materials and Methods." Results are expressed as the mean

Â±SE for at least six independent transfections. Relative activity for transfectants grown
in the absence of hormone was set to unity.

there was only a 24-fold (13% of wild-type) induction of CAT activity

in cells transfected with pRShGR753F. These results demonstrate that
receptors containing phenylalanine at residue 753 are significantly
less active than wild-type receptors, presumably accounting for the

lack of steroid sensitivity in ICR27TK.3 cells. However, they also
clearly indicate that these mutant receptors can mediate a partial
positive transcriptional response, suggesting that the residual receptor
activity in ICR27TK.3 cells is insufficient to mediate a growth-inhib

itory response.
Based on indirect biochemical and genetic evidence (7-9), as well

as the demonstration that the GR + gene has been deleted in

ICR27TK.3 cells (4), we proposed that the same mutant GR gene
responsible for the r phenotype of ICR27TK.3 cells is also present in
the dexs parental cell line 6TG1.1 (4, 9). To verify this hypothesis, a
cDNA library prepared from 6TG1.1 cell poly(A) ' mRNA was

screened with the same Pstl/Clal fragment used to screen the
ICR27TK.3 cDNA library. Six positively hybridizing clones were
isolated, and the region surrounding codon 753 in each was se-

quenced. Two clones contained the normal sequence, consistent with
the presence of a normal GR* gene in dexs 6TG1.1 cells (Fig. 3).

However, the other four clones all contained the same adenosine to
thymidine transversion in the third position of codon 753 present in
clones isolated from the ICR27TK.3 cell cDNA library (Fig. 3). Thus,
the GR753F gene is both present and expressed in dex* 6TG1.1 cells,
and the genotype of there cells is therefore GR+Â¡GR753F (Table 1). In

addition, one of the four mutant clones contained the entire hGR
coding sequence, allowing the sequencing of the 5' 216 nucleotides
missing in pGR"3. No additional mutations were identified, indicating

GIÃ™ 75,

Met 75;

Leu 75:

Ala75,

G
A
G
A
T
G
T
T
A
G
C
T

GR+

G A T C

GR753F

G A T C (G

A
G

IT
T
G

T
T
G
C
T

Glu,

Met 75;

Phe,

Ala 7

Fig. 3. Expression of normal and mutant hGR gÃ¨nesin dex' 6TG1.I cells. Shown are
portions of the sequencing gels for the antisense strands of p6TGl (GR') and p6TG3

(GR753F) and the corresponding amino acid sequences of the proteins in the region
surrounding codon 753. *. adenosine to Ihvmidine (thymidine to adenosine in the anti-

sense strand) mutation in the third position of codon 753. resulting in the replacement of
leucine by phenylalanine.

that the only mutation in the GR' gene is the adenosine to thymidine

mutation in codon 753.
Spontaneously arising dexr cell lines differ from those isolated after

treatment of dexs cells with chemical mutagens in that they contain

significant levels of ligand-binding activity (8, 10). However, these
cell lines exhibit decreased nuclear translocation of ligand-receptor
complexes in vivo, (8, 10), and their ligand-receptor complexes are
unstable under conditions which promote activation to the DNA-
binding form in vitro (10-12). Based on these characteristics, spon
taneously dexr cell lines were classified as act1 (10, 11). Given that the
GR753F gene is expressed in parental dexs 6TG1.1 cells, and since it
cannot be selected against during the isolation of dexr mutants, we
reasoned that this gene should also be expressed in act1 cells. To test
this prediction and to identify the mutation(s) responsible tor the act1
phenotype, a third cDNA library was prepared from poly(A) ' mRNA
isolated from the act1 mutant 3R7.6TG.4 and again was screened with

the Pst\ICla\ fragment of pGR107. Six clones were isolated and
sequenced in the region surrounding codon 753. One (p3R73) con
tained the same adenosine to thymidine mutation in the third position
of codon 753 found in dexs and r~ dexr cells (Fig. 44 ), confirming the

expression of GR753F in act1 3R7.6TG.4 cells. The other five clones

contained no mutations in this region, suggesting that a second mu
tation, in the GR* gene, contributes to or is responsible for the steroid
resistance and act1 phenotype. To identify this mutation, the longest of

the 3R7.6TG.4 clones containing a normal codon 753 (p3R72) was
completely sequenced. A single guanosine to adenosine transition in
the second position of codon 421 was identified, resulting in the
substitution of tyrosine for the first cysteine of the proximal zinc
finger of the DNA-binding domain (Fig. 45). This mutation was

present in the other four clones with a normal codon 753 sequence but
was absent in p3R73, indicating that act1 3R7.6TG.4 cells express two

different mutant hGR genes, one (GR753F) encoding a protein with
the same mutation in the ligand-binding domain found in r~
ICR27TK.3 and dexs 6TG1.1 cells and the other (GR421Y) encoding

a protein with a mutation in the proximal zinc finger of the DNA-
binding domain. Thus, the genotype of act1 3R7.6TG.4 cells is

GR421YIGR753F (Table 1).
To examine the effects of the GR421Y mutation on the ligand-

binding and /ram-activating activities of the hGR, the region of
p3R72 encoding the amino-terminal and DNA-binding domains was

exchanged with the corresponding region of pRShGRa to create the
mutant hGR expression vector pRShGR421Y. When expressed in
COS-7 cells, this mutant produced a M, 92,000 protein (Fig. I, lane5)
which bound [ 'Hjdexamethasone in both intact cells (84% of wild-

type receptor value) and cell extracts (53% of wild-type receptor

value) (Table 2). However, when assayed for its ability to activate
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Leu 4
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Leu 42,

Fig. 4. Expression of two different mutant hGR genes in act1 3R7.6TG.4 cells. A,

portions of the sequencing gels for the antisense strands of p3R72 (GR421Y) and p3R73
(GR753F) and the corresponding amino acid sequences of the proteins in the region
surrounding codon 753. *, adenosine to thymidine (thymidine to adenosine in the anti-

sense strand) mutation in the third position of codon 753, resulting in the replacement of
leucine by phenylalanine. B. portions of the sequencing gets for the sense strands of p3R72
(GR42IY) and p3R73 (GR753F) and the corresponding amino acid sequences of the
proteins in the region surrounding codon 421. *. guanosine to adenosine mutation in the

second position of codon 421. resulting in the replacement of cysteine by tyrosine.

MSG-CAT, this mutant was completely inactive (Fig. 2). Thus, both
mutant hGR genes expressed in act' 3R7.6TG.4 cells are deficient in

their ability to mediate a positive transcriptional response.

DISCUSSION

CEM-C7 cells are one of the few human leukemic cell lines whose

growth is inhibited by corticosteroids. Consequently, they have been
widely used to study the mechanisms by which corticosteroids inhibit
T-cell proliferation and the mechanisms by which cells become resis
tant to this effect. In addition, CEM-C7 cells, and other dexs subclones
derived therefrom, have been used as a source of "normal" hGR to

study various aspects of receptor structure and function (5-7). How

ever, a variety of indirect evidence suggested that, in addition to a
normal GR f gene, a mutant OR gene encoding a form of the receptor

with altered ligand-binding properties is also expressed in these cells

(4, 7, 9). The results presented here confirm this hypothesis and show
that this mutant gene (GR753F) contains a single point mutation in the
ligand-binding domain which results in the substitution of phenylal

anine for leucine at residue 753. They also demonstrate that GR753F
is expressed in both r ICR27TK.3 cells and the act1 mutant 3R7.

6TG.4 (Table 1). In the former case, GR753F is the only GR gene
expressed, the normal GR+ gene having been deleted (4). In the latter

case, the GR753F gene is coexpressed with a second mutant GR gene
(GR421Y) in which cysteine has been replaced by tyrosine at residue
421.

Receptors containing phenylalanine at residue 753 exhibited a re
duced capacity to stimulate a positive transcriptional response from a
CAT reporter gene under the control of the MMTV promoter and,
when expressed in COS-7 cells, exhibited markedly reduced hor
mone-binding activity in intact cells assayed at 37Â°Cbut normal

activity in cell extracts assayed under conditions where receptor ac
tivation was inhibited. These results are consistent with the dexr

phenotype of ICR27TK.3 cells (7-9), as well as their loss of gluco-
corticoid-inducible glutamine synthetase activity (29). We previously
showed that the rate of ligand dissociation from mutant receptors in r~

ICR27TK.3 cells is significantly more rapid than the rate of dissoci
ation from normal receptors (9). Because even normal receptors have
a reduced capacity to bind ligand after activation (30), this increased
rate of dissociation is manifested as an apparent lack of binding
activity in intact cells assayed at 37Â°C,where activation and nuclear

translocation occur rapidly (31). However, in cell extracts, under
conditions where activation is inhibited, the apparent equilibrium
dissociation constant for dexamethasone binding to ICR27TK.3 cell
receptors is indistinguishable from that for binding to normal recep
tors (9). Thus, the presence of phenylalanine at position 753 must alter
the conformation of the ligand-binding domain in such a way as to

increase the rates of both ligand association and dissociation.
The region surrounding Leu75;i shares a high degree of homology

with other members of the steroid/thyroid hormone receptor super-

family, including the estrogen receptor, where it is nee ;ssary for the
ligand-dependent fraÂ«.v-activation function (TAF-2) present in the
ligand-binding domain (32). Since the nonconservative substitution of

phenylalanine for leucine at position 753 results in both decreased
transcriptional activation from the MMTV promoter and altered
ligand-binding properties, it is unclear whether the reduced trans-

activating activity of the mutant receptor reflects the inability of the
ligand to promote receptor activation and nuclear localization or the
inability of the ligand to promote subsequent events necessary for the
elaboration of the ligand-dependent Craws-activating function present
in the hGR ligand-binding domain (33-35). That the former might be
the case is suggested by the reported absence of nuclear immunoflu-

orescence after steroid treatment of ICR27TK.3 cells (36). However,
the partial activation of the MMTV promoter in cells transfected with
pRShGR753F indicates that at least some nuclear translocation of
mutant receptors must take place. In addition, site-directed mutagen-

esis to alanine of Leu759, and the adjoining Met75!4,in the mouse GR
(corresponding to residues 752 and 753 in the hGR) virtually abol
ished transcriptional activation without any apparent alteration in the
ligand-binding properties or nuclear translocation of the protein (32).

Thus, it is possible that the reduced activity of the mutant protein
encoded by GR753F is the result of inefficient activation of the
ligand-dependent irans-activating activity located in the ligand-bind

ing domain.
Most point mutations which affect the ligand-binding properties of

the GR are located within a M, 16,000 core steroid-binding region
identified by Simons et al. (37) in the amino-terminal half of the
ligand-binding domain. Within this core binding domain, replacement

of Glu54h by glycine in the mouse GR (residue 540 in the hGR)
completely abolishes the biological and ligand-binding activities of

the receptor (15). Replacement of Pro547 by alanine at the adjacent
residue (residue 541 in the hGR) appears to reduce by 2 orders of
magnitude the affinity of the receptor for ligand (38), while replace
ment of Aspft41 by valine in the hGR or substitution of serine for either
CyS(,4(,or Cys,,M of the rat GR (corresponding to residues 622 and 643
of the hGR) reduces the affinity for dexamethasone by approximately
3-fold (25, 39, 40). Conversely, substitution of either serine or glycine

for Cysfi5ftof the rat GR (residue 638 of the hGR) increases both the
affinity and biological activity of the receptor (40). The ligand-binding
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properties of GR753F clearly indicate that mutations in the carboxyl-
terminal region of the ligand-binding domain also affect the ligand-

binding properties of the receptor. This is consistent with the fact that
the core M, 16,000 binding domain has a lower affinity for ligand than
does the intact protein (37), as well as the observation that 3^-fold

higher concentrations of ligand are required to elicit a maximal re
sponse from a mouse receptor in which Tyr770 (residue 764 in the
hGR) has been replaced by aspartate (15). It is also consistent with the
observation that Cys754 of the rat GR (residue 736 in the hGR) can be
photoaffinity labeled with triamcinolone acetonide (41).

The finding that GR753F is expressed in dexs 6TG1.1 cells suggests
that results obtained when dexs cell lines derived from parental
CCRF-CEM cells were used as sources of "normal" receptor may
need to be reevaluated. In addition, the expression of GR753F in act1
3R7.6TG.4 cells indicates that the act' phenotype is the result not of

a single mutation but rather of the presence of both the GR753F and
the GR421Y alÃeles.Using anti-hGR antibodies to immunoadsorb
receptor-DNA complexes, we previously showed that, although re
ceptors isolated from act1 cells do not retain bound ligand during

activation, they exhibit the same sequence-specific DNA-binding

characteristics as receptors isolated from normal cells (12). Since the
product of the GR421Y alÃelehas tyrosine in place of the first cysteine
residue of the proximal zinc finger of the DNA-binding domain and

since substitutions of tyrosine, arginine, or glycine at this position
result in almost complete loss of DNA-binding and functional activ
ities (33, 42), the DNA-binding activity seen in act1 extracts must be

due to the presence of the receptor encoded by GR753F. This inter
pretation is consistent with the ability of pRShGR753F, but not
pRShGR421Y, to stimulate a partial transcriptional response when
transfected into CV1 cells. Conversely, since there was only limited
ligand-binding activity at 37Â°C in COS-7 cells transfected with

pRShGR753F, compared to cells transfected with pRShGRa or
pRShGR421Y, it seems reasonable to conclude that the ligand-binding
activity in act1 cells assayed at 37Â°C,as well as the decreased nuclear

translocation of ligand-receptor complexes (10), reflects the presence

of the mutant receptor encoded by the GR421Y alÃele.Thus, although
act1 cells express two distinctly different mutant receptors, the con

clusion that the presence of ligand does not influence either the
specificity or the affinity of hGR binding to sequences containing the
glucocorticoid response elements remains valid (12).

The finding that GR753F is expressed in act1 3R7.6TG.4 cells also

offers a partial explanation for the peculiar activation-dependent in

vitro instability of the receptors in these cells, since in r ICR27TK.3
cells, which express only this mutant gene, the receptors exhibit
activation-dependent instability similar to that ascribed to act1 recep
tors (9). However, it is not clear why, since act1 cells also express the

GR421Y alÃele,which encodes a protein with a normal ligand-binding
domain, there were substantially fewer ligand-receptor complexes

detected after activation than were detected after activation of labeled
extracts prepared from parental 6TG1.1 cells, whose genotype is
GR+/GR753F (10). One potential explanation for this apparent dis

crepancy is that, while receptors encoded by the GR421Y alÃelecon
tain a normal ligand-binding domain, this domain is destabilized in
vitro after activation by the absence of a normally folded DNA-

binding domain. This would be consistent with the lower affinity of rat
GR deletion mutants in which the ligand-binding domain is intact but
the amino-terminal portion of the DNA-binding domain has been

deleted (43). Alternatively, it is possible that receptors in which the
structure of the DNA-binding domain has been perturbed are more

susceptible to proteolysis after activation. However, this seems un
likely, since receptors in act1 3R7.6TG.4 cells are not degraded more

rapidly after activation than are receptors in parental 6TG1.1 cells
(12).

We have demonstrated that GR753F is expressed not only in dexr
mutants isolated from dexs 6TG1.1 cells but also in dexs parental cells.

Ashraf and Thompson have recently shown that this mutation is also
present in dexs CEM-C7 cells, the cell line from which 6TG1.1 was
derived (44). Whether this alÃeleis present in other dexs cell lines

isolated from CCRF-CEM cells remains to be determined, as does the

question of whether this mutation was present at the time the original
cell line was established or occurred during propagation in culture. In
addition, since receptors containing phenylalanine at residue 753 are
partially active in a transient transfection assay, it is not clear why both
r ICR27TK.3 cells and act1 3R7.6TG.4 ceils should be completely

resistant to the growth-inhibitory effects of corticosteroids and show
none of the anabolic responses observed in steroid-treated parental

cells. Resolution of these questions will require additional studies with
other CCRF-CEM-derived cell lines and a more complete analysis of
the effects of additional point mutations in the carboxyl-terminal
portion of the ligand-binding domain.
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