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ABSTRACT

Glucocorticoid-resistant mutants isolated from the glucocorti-
coid-sensitive human leukemic cell line CEM-C7 can be divided
into three phenotypes: (a) those with almost no glucocorticoid-
binding activity (r~); (b) those whose steroid-receptor complexes

are unstable during attempted activation but are stabilized by
the presence of sodium molybdate (acf^molybdate-sensitive);
and (c) those whose steroid-receptor complexes are unstable

during attempted activation but are insensitive to the presence
of molybdate (acr'imolybdate-resistant). To determine if these

phenotypes represent different mutations within the glucocorti-

coid receptor locus itself or reflect alterations in other compo
nents modifying receptor function, somatic hybrids were con
structed between wild-type cells and all three classes of resistant

mutants, as well as between various classes of resistant mu
tants. Hybrids were analyzed for chromosome content, steroid-

induced growth inhibition, induction of the enzyme glutamine
synthetase, and glucocorticoid receptor content. Hybrids con
structed between wild-type cells and any of the three classes of
resistant cells were growth-inhibited in the presence of dexa-

methasone, displayed normal levels of glutamine synthetase
induction, and contained a quantity of glucocorticoid receptor
approximately equal to the sum of the glucocorticoid receptor
concentrations of the parental cell lines. Hybrids constructed
between various classes of resistant cells were not growth-

inhibited by dexamethasone, displayed no glutamine synthetase
induction, and also contained the sum of the glucocorticoid
receptor concentration of the individual parents. Thus, each
phenotype is recessive, and there is no complementation be
tween phenotypes. We conclude that the three phenotypes are
the result of different mutations within the glucocorticoid receptor
locus itself and do not represent the presence of dominant
receptor-inactivating factors or the absence of positive regulatory

components.

INTRODUCTION

The lympholytic activity of corticosteroids has resulted in their
incorporation into many of the chemotherapeutic regimens used
for the treatment of leukemias and lymphomas. In addition, this
activity has been exploited to isolate glucocorticoid-resistant

variants from permanent tissue culture cell lines of both mouse
and human T-cells (1, 2, 5, 6, 18, 21, 23, 31, 34). Most of the
glucocorticoid-resistant cell lines isolated from mouse S49 and

W7 cells appear to be defective in some aspect of glucocorticoid
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receptor function. These have been divided into 3 phenotypic
classes of resistance: (a) those which lack detectable steroid-
binding activity (r)4 (2, 21, 29, 32); (b) those with abnormally

low levels of nuclear translocation of steroid-receptor complexes,
defined biochemically by a lower affinity of activated steroid-

receptor complexes for both specific and nonspecific DMA bind
ing sites (nr) (14,27, 29, 32,37); and (c) those with abnormally
high nuclear translocation of steroid-receptor complexes and a
concomitantly higher-than-normal affinity of activated steroid-

receptor complexes for DMA and whose receptors have been
reported to be of lower molecular weight than normal receptors
(nf)(13, 25, 32, 36, 37).

The rate of acquisition of steroid resistance, the stability of the
resistant phenotypes, and the ability of mutagens to increase
the frequency of steroid resistance all suggest that such altera
tions are the result of somatic mutation (2, 4, 31). Several lines
of investigation suggest that such mutations are within the
mouse glucocorticoid receptor locus itself. Mixing experiments
with cytoplasmic extracts from nr or nt1cells showed that neither

contained factors capable of altering the properties of normal
receptors (36). In somatic hybrids constructed between sensitive
and resistant cells, resistance was shown to be recessive (8,12,
28, 36); in the case of nr x wild-type cells, hybrids expressed

both nr and normal receptors (12). In addition, somatic hybrids
constructed between various classes of resistant cells were
themselves steroid resistant (28, 36). Thus, in mouse cells, it
appears that all receptor defects result from alterations within
the same genetic locus.

Glucocorticoid-resistant clones derived from the human T-cell
line CEM-C7 also appear to be the result of somatic mutation.

Resistance is a stable, heritable trait acquired randomly in the
absence of selective pressure at a rate (=10~5/cell/generation)

consistent with mutation at a haploid or functionally hemizygous
locus (18). Steroid-resistant clones isolated following mutagen-

esis generally contain little or no steroid binding activity and
appear to be r (18). Spontaneously derived clones generally
contain reduced receptor levels, are defective in their ability to
translocate steroid-receptor complexes to the nucleus, and con

tain receptors which, when subjected to activating conditions in
vitro, are unable to form or maintain the activated (transformed)
form of the steroid-receptor complex (17, 30). This phenotype,
termed activation-labile (acf), appears to be composed of 2
different types of mutants: (a) those in which loss of steroid-

receptor complexes during attempted activation can be inhibited
by the presence of sodium molybdate (ac^molybdate-sensitive);

' The abbreviations used are: r~. receptor-deficient; nr. nuclear transfer de
creased;nt', nucleartransfer increased;d . deathless; act, activation-labile;DEX".
dexamethasone-sensltlve;DEX', dexamethasone-resistant;PEG,polyethylenegly-
col; GS, glutaminesynthetase (EC6.3.1.2); 6-TG, 6-thioguanine;Brdllrd, 5-bromo-
2'-deoxyuridine; HMTG, 100 MMhypoxanthine, 1 Â¡Mmethotrexate. 16 Â¿IMthymi-

dine, and 100 Â¡Mglycine.
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and (b) those mutants in which attempted activation results in
the loss of steroid-receptor complexes, even if molybdate is
present (acfimolybdate-resistant) (17, 30). Thus, in these human
cells, steroid resistance also seems to involve alteration in glu-
cocorticoid receptor function. To determine if the r~, acf:
molybdate-sensitive, and acr'imolybdate-resistant phenotypes

are the result of somatic mutation within the steroid receptor
locus itself or if these phenotypes are the result of the presence
of dominant receptor-inactivating factors or the absence of an

cillary components necessary for normal receptor function, we
have now constructed somatic hybrids between wild-type cells

and each class of resistant mutant. In addition, we have con
structed somatic hybrids between various classes of steroid-

resistant mutants. We report here that analysis of these hybrids
suggests that, as in murine systems studied previously, altered
receptor function in OEM mutants appears to be the result of
alteration within the steroid receptor locus itself.

MATERIALS AND METHODS

Materials. PEG 1000 was purchased from J. T. Baker Chemical Co.,
Phillipsburg, NJ. RPMI 1640 was purchased from Biofluids, Rockville,
MD. Fetal bovine serum was purchased from K. C. Biologicals, Kansas
City, MO. ICR-191 was purchased from Polysciences, Inc., Warrington,
PA. [1,2,4-3H]Dexamethasone (40 Ci/mmol) was purchased from Amer-

sham/Searle Corp., Arlington Heights, IL. Hoechst 33258 was obtained
from Riedel-DE HaÃ«nAg Seelze, Hanover, West Germany. Colcemid

was obtained from Grand Island Biological Co., Grand Island, NY, and
Giemsa was purchased from BiomÃ©dicalSpecialties, Santa Monica, CA.
All other chemicals were at least of reagent grade and were purchased
from either J. T. Baker or from Sigma Biochemicals, St. Louis, MO.

Cells and Cell Culture. The cell lines used in this study were all
derived from the human leukemic cell line CEM-C7 (26). The derivation
of the glucocorticoid-resistant mutants ICR-27, 3R7, and 3R43 have

been described previously (18). All cells were grown in RPMI 1640
containing 10% fetal bovine serum as described previously (26). Cells
were maintained as stationary suspensions in a humidified atmosphere
of 95% air:5% CO2 at a density of 105 to 2 x 10* cells/ml.

Plating of Cells in Semisolid Medium. Cells were plated in 60-mm

tissue culture dishes in 0.225% agarose (EEO type II) over a feeder layer
of human diploid fibroblasts (Ar Mor) as described previously (15).
Absolute plating efficiency was determined by plating 250 cells in the
absence of selective agents. Plates were incubated for 10 to 14 days,
and colonies were stained and counted. Plating efficiency of unsetected
cells was generally 40 to 60%.

Selection of 6-TG-resistant Clones.. The 6-TG-resistant clones
6TG1.1, 3R7.6TG.4, and 3R43.6TG.1 were derived from clones CEM-
C7, 3R7, and 3R43, respectively. For each selection, 105 cells were

plated in semisolid medium as described above in the presence of 100
pu 6-TG. Colonies present after 2 weeks were isolated with a sterile

Pasteur pipet and returned to liquid culture. Individual clones were tested
for resistance to 100 JIM 6-TG, and those clones which were found to

be completely resistant were tested for sensitivity to medium containing
HMTG and 10 /IM deoxycytidine. 6-TG-resistant clones with plating
efficiencies of less than 10~5 in medium containing HMTG were deemed

suitable parents for use in hybrid crosses.
Selection of BrdUrd-resistant Clones. The BrdUrd-resistant clones

C7TK.4 and ICR27TK.3 were derived from clones CEM-C7 and ICR-27,

respectively. Cultures (100 ml) containing cells at a density of approxi
mately 5 x 10s cells/ml were exposed to ICR-191 (1 Â¿Â«g/ml)for 18 to 24

hr. Cells were then washed free of mutagen, resuspended in fresh
medium, and allowed to grow in the absence of selection for 48 h. After
48 h, BrdUrd was added to a final concentration of 100 MÂ«.and the
cultures were allowed to grow undisturbed for a period of 2 weeks. At

the end of this period, cells were plated in semisolid medium in the
presence of 100 UMBrdUrd. After 10 to 14 days, individual colonies were
selected and returned to liquid culture in the absence of BrdUrd for a
period of 3 to 4 weeks. As a final selection, BrdUrd was reintroduced for
24 h, followed by the addition of the photosensitizing dye Hoechst 33258
(final concentration, 1.5 /Â»g/ml)for an additional 3 h. Cells were then
irradiated as described previously (15) and plated in semisolid medium
in the absence of BrdUrd. Cells which have incorporated BrdUrd into
their DNA are extremely sensitive to irradiation in the presence of the
photosensitizing dye, while cells which do not contain BrdUrd-substituted

DNA are unaffected by the presence of the dye (33). Colonies present
after 2 weeks were isolated, returned to liquid culture, and tested for
resistance to 100 Â¿IMBrdUrd. Those colonies which were completely
resistant to BrdUrd were then assayed for sensitivity to medium contain
ing HMTG. Clones with a plating efficiency of less than 10~5 in HMTG

were deemed suitable for use in hybridization experiments.
Construction of Hybrids. Somatic hybrids were constructed using a

modification of the method of Gefter ef al. (11). For each hybridization,
107 cells of each parent were mixed in a 50-ml conical centrifuge tube

and subjected to centrifugation at 250 x g. Cells were washed in serum-
free medium, gently resuspended in 1.0 ml of a 50% (w/w) solution of
PEG 1000 in serum-free medium, and incubated for 1 min at 37 Â°C.One

ml of serum-free RPMI 1640 was then added over a period of 1 min,
followed by the slow addition of 20 ml of serum-free medium. The final

cell suspension was subjected to centrifugation at 250 x g, and the cell
pellet was resuspended in medium containing 10% fetal bovine serum.
Cells were incubated for 24 h in the absence of selection and then plated
in semisolid medium containing HMTG. Colonies present after 10 to 14
days were returned to liquid culture in medium containing HMTG and
grown in the presence of selective medium for 10 to 14 days. Cells were
then grown in nonselective medium containing HTG for a period of 14
days and finally transferred to medium with no additions.

Analysts of Chromosomal Content. Logarithmically growing cells
were exposed to Colcemid (0.25 jig/ml) for 2 to 4 hr, harvested by
centrifugation, and washed in phosphate-buffered saline. Cells were then
swollen in 0.075 M KCI for 20 min at 23 Â°C,collected by centrifugation,

and fixed in methanol:acetic acid (3:1). Fixed cells were washed 3 times
in methanohacetic acid, and metaphase spreads were prepared by
dropping the fixed cells onto chilled slides dipped in methanol. Slides
were air dried and stained with Giemsa, and chromosome spreads were
photographed. Chromosome number was determined by counting the
number of chromosomes in each of at least 10 individual metaphase
spreads.

Determination of GS Activity. Cells grown in the presence or absence
of 1 IM dexamethasone for 18 to 42 h were harvested by centrifugation,
washed in serum-free medium, and resuspended in 0.3 ml of 25 mw

citrate buffer, pH 6.4. Cells were disrupted by sonication, and the
sonicates were assayed for GS activity as described previously (19).
Results were expressed as nmol of -y-glutamylhydroxamate formed per

min per mg of protein.
Determination of Glucocorticoid Receptor Concentration. Gluco-

corticoid receptor concentration was determined in whole cell equilibrium
binding assays of various concentrations (1 to 100 nwi)of [3H]dexameth-

asone in the presence or absence of 10 ^M unlabeled dexamethasone
as described previously (18). Results were expressed as receptors per
cell, assuming one steroid binding site per receptor.

RESULTS

Characteristics of Parental Cell Lines. In order to character
ize the /-, acfimolybdate-sensitive and ac/^molybdate-resistant

phenotypes, somatic hybrids were constructed between steroid-
sensitive and various steroid-resistant cells. The characteristics
of the 2 glucocorticoid-sensitive and 3 glucocorticoid-resistant

parental cell lines used for the individual crosses are presented
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in Table 1. Clones 6TG1.1 and C7TK.4 are subclones of CEM-
C7 which retain the parental sensitivity to steroid-induced growth

inhibition. When cells of these clones were plated in semisolid
medium in the presence of 1 UMdexamethasone, relative plating
efficiency was reduced to 8 x 10~4. This was virtually identical

to the decrease in plating efficiency seen when CEM-C7 cells

are plated in the presence of steroid, and it reflects the back
ground rate of spontaneous mutation to steroid resistance in
these cells (18). Each sensitive clone was shown by equilibrium
binding of [3H]dexamethasone to intact cells to contain approxi

mately 15,000 glucocorticoid receptors/cell (Table 1), and each
has a modal chromosome number of 47 (Chart 1).

Determination of GS activity in the sensitive parental cell line
6TG1.1 revealed that, in response to dexamethasone, there was
a 2.0- to 2.5-fold increase in enzyme activity (Chart 2). This was
identical to the increase in GS activity shown previously for CEM-

C7 cells (16, 19). However, despite the presence of functional
receptors (as indicated by the presence of a cytolytic response),
cells of clone C7TK.4 showed no increase in GS activity in
response to dexamethasone. In this clone, basal GS activity was
extremely low and could not be induced by dexamethasone
(Chart 2). Clone C7TK.4 therefore represents an ideal parent
with which to assess the ability of the receptors of one parent

Table 1

Characteristics of parental cell lines

Parent6TG1.1
(DEX')

C7TK.4 (DEX8)
3R7.6TG.4(DEX1)3R43.6TG.1

(DEX1)

ICR27TK.3 (DEXTSelecta

ble
marker6-TG

BrdUrd
6-TG6-TG

BrdUrdReceptor

phenc-typeNormal

Normal
acf'imolybdate-

sensitive
ac(':molybdate-

resistant
rRelative

plating
efficiency
in 1 Â¿IM

dexame
thasone80.0008

0.0008
0.730.89

1.01Receptors/cell*1

5,000 Â±1,500Â°

13,000 Â±1,000
11,800Â±7005,200

Â±100

<1,000
Â°Determined as described in "Materials and Methods."
" Determined as described in "Materials and Methods."
c Average Â±SE of at least 3 separate determinations.
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Chart 1. Chromosome content of parental cell lines. Metaphase chromosome

spreads were prepared from the 2 DEX' cell lines (6TG1.1 and C7TK.4) and the 3
DEX' (ICR27TK.3, 3R7.6TG.4 and 3R43.6TG.1) parental cell lines used for hybrid

construction. Chromosomes were stained with Giemsa, and individual metaphase
spreads were photographed and counted. A minimum of 10 metaphase spreads
were counted for each histogram.

25

20

T 15

i
x
fio

1

- +

6TG1.1

- +
C7TK.4 027TK.3 3R7.6TG.4 3R43.6TG.1

Chart 2. Induction of GS in parental cell lines. Replicate cultures of the parental
cell lines were incubated in the absence (open columns) or presence (hatched
columns) of 1 UMdexamethasone for 18 to 24 h. Cells were then assayed for GS
activity as described in "Materials and Methods." Results are expressed as the

mean as determined in 3 separate experiments. Bars, SE.

of a hybrid cross to mediate a steroid response unique to the
other parent.

The 3 steroid-resistant clones were all insensitive to the cyto

lytic effects of dexamethasone. When cells of these clones were
plated in high concentrations of dexamethasone, there was little
if any reduction in relative plating efficiency (Table 1). Clone
ICR27TK.3 is an r mutant selected after chemical mutagenesis
of CEM-C7 (18). Clones 3R7.6TG.4 and 3R43.6TG.1 are
acf'imolybdate-sensitive and acf'imolybdate-resistant mutants,

respectively, in which steroid resistance was acquired sponta
neously in the absence of selective pressure (17, 18). Each
contains a reduced amount of steroid-binding activity (Table 1)
and is defective in nuclear translocation of steroid-receptor com

plexes (17, 30). With the exception of clone ICR27TK.3, which
has a modal chromosome number of 46, each clone has a modal
chromosome number of 47 (Chart 1). As would be expected in
cells containing defective steroid receptors, GS activity is not
steroid-inducible in any of the resistant parental cell lines (Chart

2).
Somatic Hybrids of DEX' and DEX' Cells. Hybrids obtained

after PEG-mediated fusion of resistant and sensitive cells were
analyzed with respect to chromosome content, steroid-induced
growth inhibition, glucocorticoid receptor content, and GS in-

ducibility. From each cross, 2 independent hybrids were selected
for detailed analysis.

Cells of hybrids constructed between DEXS and DEXr cells all

contained a near-tetraploid complement of chromosomes (Chart

3). Most contained at least 80 chromosomes, and many con
tained 90 or more chromosomes. Thus, there was no indication
that, following hybrid formation, there was rapid chromosome
segregation.

When DEXS x DEXr hybrids were examined for sensitivity to

the cytotoxic effects of dexamethasone, it was determined that
hybrids obtained from any of the 3 crosses (DEX8 x r~, DEXS x

acf'imolybdate-sensitive and DEXS x acnmolybdate-resistant)

were steroid-sensitive (Table 2). In the presence of 1 UM dexa
methasone, the relative plating efficiencies of the DEX5 x DEX'
hybrids ranged from 2 x 10'3 (Hybrid H1.4) to 1.9 x 10~2(Hybrid

H2.3). The fact that these frequencies are higher than those
obtained for the DEXS parents is most probably the result of

segregation of daughter chromosomes containing the steroid
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Chart 3. Chromosome content of DEX' x DEX1hybrids. Metaphase chromo
some spreads were prepared from 6 DEX' x DEX' hybrids. Chromosome content
was determined as described in the legend to Chart 1. Hybrids H1.1 and H1.4
were obtained after fusion of wild-type cells with the r clone ICR27TK.3. Hybrid
clones H2.1 and H2.3 were obtained after fusion of wild-type cells with the
acfimolybdate-resistant done 3R43.6TG.1. Hybrid clones H4.3 and H4.5 were
obtained after fusion of wild-type cells with the acf-molybdate-sensitive done

3R7.6TG.4.

Table 2
Relative plating efficiency of DEX* x DE)C hybrids

HybridH1.1

H1.4H2.1

H2.3H4.3

H4.5Parents6TG1

.1 (DEX-) x ICR27TK.3(r)C7TK.4

(DEXÂ«)x 3R43.6TG.1 (acrVmorybdate-

resistant)C7TK.4

(DEX-) x 3R7.6TG.4 (acf:molybdate-

sensitive)Relative

plat
ing efficiency
in 1 Â¡Mdexamethasone*0.005

0.0020.01

0.0190.003

0.018
8 Hybrids were assayed for relative plating efficiency in the presence of 1 Â¡M

dexamethasone by measuring colony-forming ability in semisolid agarose as de
scribed in "Materials and Methods."

receptor gene(s), which occurs at a rate greater than the back
ground rate of spontaneous mutation (28). These results there
fore suggest that each of the 3 DEX' phenotypes is recessive
and that none of the DEXr mutants expresses a dominant

receptor-inactivating factor responsible for steroid resistance.
The dominant or recessive nature of the 3 DEXr phenotypes

was also evaluated by examination of the ability of dexametha
sone to induce GS activity in the various DEX8 x DEX' hybrids.

We have demonstrated previously that the activity of this enzyme
is inducible in steroid-sensitive cells and that this induction is

dependent on the presence of functional glucocorticoid receptors
(16, 19). In all of the DEX8 x DEX' hybrids examined, GS was

found to be steroid inducible (Chart 4). In hybrids constructed
between clone 6TG1.1 and the r~ mutant ICR27TK.3, induction

was approximately 2-fold, a response identical to that seen in

20
r
X

15

liÂ«

wild-typexf-

wild-type x

act': molybdale-

resistant

wild-typex
act':molybdate-

sensitive

1
- +

H1.1 H1.4 H2.1 HZ.3 H4.3 H4.5

Chart 4. Induction of GS in DEX' x DEX' hybrids. Replicatecultures of 6 DEX'
x DEX'hybridswere incubatedin the absence(opencolumns)or presence(hatched

columns)of 1 Â¡Mdexamethasonefor 18 to 42 h. Cellswere assayedfor GS activity
as described in "Materials and Methods." Results are expressed as the mean

determined from 3 separate experiments.Bars, SE.

the DEX8parent.Thus,it doesnotappearthat ther~ phenotype
is the resultof dominantreceptor-inactivatingfactors.Of consid
erableinterestwas the observationthat, in hybridsconstructed
betweenC7TK.4and eitherof the act1mutants(3R7.6TG.4or
3R43.6TG.1),GS was also inducible(Chart 4). Since clone
C7TK.4is devoidof a GS response,the GS responseseenin
thesehybridsis most probablythe resultof the functionalglu-
cocorticoidreceptorscontributedby C7TK.4mediatingthe GS
responseof the acf mutants. These results provide strong
evidencethat neitherof the acf phenotypesis the resultof the
presenceof dominantreceptor-inactivatingfactors.Rather,the
data are consistentwith the interpretationthat both mutants
containalteredsteroidreceptorswhosefunctioncanbecomple
mented by the functional glucocorticoidreceptors of clone
C7TK.4.Thus, on the basis of both a catabolic lympholytic
responseand an anabolicGS response,all 3 classesof DEXr
mutantsappearto be recessive.

In additionto assessmentof biologicalresponsein DEX8x
DEX' hybrids,we examinedthe actual glucocorticoidreceptor
content in DEX8x DEX' hybrids.Usingwhole cell equilibrium
bindingof variousconcentrationsof [3H]dexamethasone,the
affinityandconcentrationof glucocorticoidreceptorsin eachof
the hybrids was determined.In somatic hybrids constructed
between6TG1.1and ICR27TK.3(wild-typex r), it was deter
minedthathybridscontainedvirtuallythesameamountof recep
tor as did the sensitiveparent(Chart5). Since,in this case,the
resistantparentcontributedessentiallynoreceptor,theseresults
suggestthat the quantityof receptorsin the hybridsis derived
fromthesumof thecontributionsof the individualparents.Thus,
thereis noevidencethat ther~ phenotypeis the resultof trans-

dominantfactorswhichinactivatereceptors,sincesuchfactors
wouldalso be expectedto result in low receptorconcentration
in hybrids. Analogousresults were obtained in hybrids con
structedbetweenwild-typeand eitherof the acf mutants.Hy
bridsconstructedbetweenC7TK.4and 3R43.6TG.1contained
15,500to 20,000steroidbindingsitespercell.Giventhereceptor
concentrationsin the parental cell lines (C7TK.4 a 13,000;
3R43.6TG.1 = 5200), these results suggest that the
acr'imolybdate-resistantmutant(3R43.6TG.1)does not contain
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Chart 5. Glucocorticoid receptor content of DEX' x DEX' hybrids. The gluco-
corticoid receptor concentration of the 5 parental cell lines and 6 DEX* x DEX'
hybrids was determined by whole cell equilibrium binding of [3H]dexamethasone
as described in "Materials and Methods." Results are the mean of 3 separate

determinations. Bars, SE.
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Charte. Chromosome content of DEX' x DEX' hybrids. Metaphase chromo
some spreads were prepared from 4 DEX' x DEX' hybrids. Chromosomecontent
was determined as described in the legend to Chart 1. Hybrids H3.2 and 3.3 were
obtained after fusion of the r clone ICR27TK3 with the acfVmolybdate-resistant
clone 3R43.6TG.1. Hybrid clones H5.7 and 5.9 were obtained after fusion of r~
cells with the ac^molybdate-sensitive clone 3R7.6TG.4.

frans-acting receptor-inactivating factors. Similarly, hybrids con
structed between C7TK.4 and 3R7.6TG.4 contained =30,000
receptors per cell. This again is approximately the sum of the
contribution of the individual parents (C7TK.4 = 13,000;
3R7.6TG.4 = 12,000) and thus argues against the presence of
frans-acting receptor-inactivating factors in the acf'imolybdate-

sensitive mutants. Thus, based on receptor concentrations in
DEX* x DEXr hybrids, all of the resistant phenotypes appear to

be recessive.
Somatic Hybrids of DEX' x DEX' Cells. Havingdetermined

that the r, acf'-.molybdate-sensitiveand acf^molybdate-resistant

phenotypes were all recessive, we examined hybrids constructed
between various classes of DEXr mutants to assess possible

complementation. Hybrids were again examined for chromo
some content, cytolytic response, GS induction, and glucocorti-
coid receptor content.

As was the case of the DEXSx DEX' hybrids, each of the
DEXr x DEXr hybrids contained a near-tetrapoloid number of

chromosomes (Chart 6). Thus, none of these hybrids had seg
regated a significant number of chromosomes before analysis.
Hybrids constructed between r~ and aci*:molybdate-resistant
and r~ and acf'imolybdate-sensitive cells were first examined for

cytolytic response to dexamethasone. In all cases, such hybrids
were found to be resistant to steroid-induced growth inhibition
(Table3); colony formation of any of the 4 hybrids examined was
not reduced markedly in the presence of 1 U.Mdexamethasone.
Likewise, none of the DEXr x DEXrhybrids showed an increase

in GS activity in response to growth in the presence of dexa
methasone (Chart 7). Thus, on the basis of 2 separate biological
responses, there was no evidence for complementation between
r cells and either class of acf mutant.

The glucocorticoid receptor content of DEXr x DEXr hybrids
was also examined. As was found for DEX5x DEX' hybrids, the
receptor content of DEX' x DEXr hybrids was found to reflect

the contributions of the individual parents. Hybrids constructed
between ICR27TK.3 (an r~ mutant with virtually no receptor) and

3R43.6TG.1 (5200 receptors/cell) contained =3000 to 5000
steroid binding sites/cell, while hybrids constructed between

Tabled
Relativeplating efficiency of DEX x DEX1hybrids

HybridsH3.2

H3.3H5.7

H5.9ICR27TK.3

(r)
resistant)ICR27TK.3

(r)
sensitive)Parentsx

3R43.6TG.1 (acf:molybdate-

x 3R7.6TG.4 (acf':molybdate-Relative

plat
ingefficiencyin

1 ntf dexa
methasone30.97

0.970.88

NO6

" Hybrids were assayed for relative plating efficiency in the presence of 1
dexamethasone by measuring colony-forming ability in semisolid agarose as de
scribed in "Materials and Methods."

6 ND, not determined.

- r-xaet':

resistant
r xact': iwtybdatr

iensitiÂ»e

- +

H3.2 H3.3
- +
H5.7

- +
HS.9

Chart 7. Induction of GS in DEX' x DEX1 hybrids. Replicate cultures of 4 DEX'
x DEX' hybrids were incubated in the absence (open columns) or presence (hatched

columns) of 1 MMdexamethasone for 18 to 42 h. Cells were assayed for GS activity
as described in 'Materials and Methods." Results are expressed as the mean.

Bars, SE.

ICR27TK.3 and 3R7.6TG.4 (=12,000 receptors/cell) were ob
served to contain =13,000 to 15,000 steroid binding sites/cell
(Chart 8). Thus, there was no evidence that some component in
act mutants could restore binding activity to r~ cells or that r~

cells could stabilize act receptors. On the basis of these data,
we,conclude that the r~ and both act phenotypes are probably
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30

25

Â° 20

x

10

CLONE

Chart 8. Glucocorticoid reÅ“ptor content of DEX' x DEX' hybrids. The gluco-
corticoid receptor content of DEX' x DEX' hybrids was determined by whole cell
equilibrium binding of [3HJdexamethasone as described in "Materials and Methods."

Results are expressed as the mean of 3 separate determinations. Bars. SE.

different manifestations of mutations in the same locus, almost
certainly the glucocorticoid receptor itself.

DISCUSSION

Selection of steroid-resistant cell lines from steroid-sensitive

parents should, in principle, yield variants defective at multiple
points in the pathway of steroid hormone response. Indeed, in
addition to DEXr clones defective in some aspect of glucocorti
coid receptor function, DEX' variants have been described which

appear to be the result of a decrease in cellular penetration of
steroid (22), methylation of steroid response loci (9, 10, 23), or
down-regulation of glucocorticoid receptor content (5). In addi
tion, Daniel son et al. (6) have described DEX' clones derived

from W7 cells in which partial induction of integrated mouse
mammary tumor virus is retained in the absence of a lympholytic
response. Although, in this latter case, receptors were not ex
amined in sufficient detail to exclude the possibility of subtle
receptor defects, their results are consistent with a non-receptor-

associated mechanism for steroid resistance (6).
Nevertheless, most of the glucocorticoid-resistant clones iso

lated from lymphoid cell lines reflect alterations in glucocorticoid
receptor function (1-4, 17, 18, 21, 29, 30, 32, 34, 36, 37). The
reasons for this are unclear. The rate of acquisition of the DEX'

phenotype in S49 and CEM-C7 cells is consistent with mutation

at a haploid or functionally hemizygous locus (2, 18, 31). Thus,
in these cell lines, receptor alterations might be expected to
predominate over other alterations requiring mutations in diploid
alÃeles.However, in DEX' clones isolated from W7 cells, which

are diploid with respect to the glucocorticoid receptor locus (2-

4), receptor alterations have also predominated (2, 21, 29).
Therefore, arguments based on gene dosage cannot by them
selves explain the high frequency of receptor defects.

A second potential explanation for the high frequency of
apparent receptor defects is the presence in DEX' clones of

trans-dominant receptor-inactivating factors which result in aber

rant receptor function. However, when r, acf":molybdate-sensi-
tive or acr'imolybdate-resistant cells were hybridized to wild-
type, DEXS, cells the resulting hybrids were found to be DEXS-

and GS-inducible. In addition, direct measurement of receptor

content in such hybrids showed that, in every case, they con
tained a quantity of receptor approximately equal to the sum of
the receptor content of the individual parents. Thus, there was
no indication that trans-dominant inactivating factors were re
sponsible for any of the 3 DEX' phenotypes seen in resistant

clones derived from CEM-C7. These results are analogous to
those reported previously for DEX' S49 and W7 cells; analysis
of DEXS x DEX' somatic hybrids, as well as of cytosol mixing
experiments, demonstrated that the r, nt( and nt~ phenotypes
seen in DEX' murine lymphoid cell lines were all recessive (8,12,

28, 36).
A third possible explanation for the preponderance of apparent

receptor defects is that there are multiple requisite components
involved in normal receptor function, a defect in any one of which
would render receptors unable to bind ligand (r) or defective in
activation (act1). Indeed, given the large number of factors and

conditions known to influence or alter glucocorticoid receptors,
such an explanation seems reasonable. However, several lines
of investigation suggest that this is not the case. In somatic
hybrids constructed between any DEX' clone derived from CEM-
C7 and DEXS cells, the quantity of receptor was equal to the

simple sum of the receptor content of the individual parents
(Chart 5). If any of the DEX' phenotypes was the result of the

absence of a positive regulatory component necessary for normal
receptor function, then such a component should have been
provided by the DEXS parent, and the hybrid should have con
tained twice the receptor concentration of a normal DEX8 cell. In

addition, hybrids constructed between r cells and either
acr^molybdate-sensitive or acr'imolybdate-resistant cells were
DEXr. Thus, all 3 DEX' phenotypes belong to the same comple

mentation group. Given the distinct differences among the 3
phenotypes, it seems highly unlikely that alteration of a single
receptor regulatory component could result in all 3 DEX' pheno

types. These results are also analogous to those obtained with
DEX' S49 and W7 cells (28, 36) and suggest that all 3 DEX'

phenotypes derived from CEM-C7 are the result of alterations in

the gene(s) encoding the glucocorticoid receptor itself.
The preponderance of receptor defects in DEX' clones derived

from mouse or human lymphoid cell lines therefore cannot be
explained on the basis of alterations in receptor modulatory
components. However, there are several other explanations for
these results. Although glucocorticoid receptor function in the
lymphoid cell lines thus far examined appears to be gratuitous,
other components in the pathway of steroid-induced lymphocy-

tolysis may be essential. Mutations in such putative components
would be lethal and thus not detectable. Alternatively, steroid-
induced lymphocytolysis may be the end result of multiple events,
each of which is lethal. In this case, multiple mutational events
would be required to inactivate each separate pathway.

Although several recent reports have suggested that gluco
corticoid receptors in some leukemic cells may be abnormal or
subject to increased proteolysis (7,20,24), the DEX' phenotypes

seen in clones derived from CEM-C7 cells have not been found

in clinical specimens. This may indicate that the mechanisms
responsible for steroid-resistance in cell culture are different from

those in vivo. Alternatively, this may reflect the failure to examine
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appropriate clinical samples. DEXr clones were derived from

CEM-C7, a cell line intrinsically sensitive to the cytolytic activity

of glucocorticoids (15,18, 26). Leukemic cells intrinsically insen
sitive to steroid-induced lymphocytolysis by virtue of differentia

tion would not be expected to contain abnormal receptors.
Moreover, analysis of apparently steroid-sensitive cells from

untreated patients would almost certainly fail to detect a small
percentage of abnormal receptors in a large background of
normal receptors. DEX' cells arose from CEM-C7 at a rate of
=10"5/cell/generation and were only identifiable after selection.

The appropriate comparison would be between DEXr CEM cells

and cells obtained from patients who, after relapse from initial
remission, were found to be steroid resistant.

Regardless of the precise mechanism involved in steroid-
induced lymphocytolysis of CEM-C7 cells, the present study
demonstra*9s that each of the 3 DEXr phenotypes is almost

certainly the result of alterations within the glucocorticoid recep
tor locus itself. It remains to be determined what the precise
molecular mechanisms are which account for the 3 distinct
phenotypes. Preliminary analysis of glucocorticoid receptors in
the DEXr clones has shown that all 3 DEXr phenotypes contain

a Mr 90,000 steroid binding protein which is indistinguishable
from wild-type protein in terms of molecular weight (35). Thus,

the defects responsible for the aberrant phenotypes are likely to
be subtle. Experiments are currently in progress to attempt to
identify these alterations.
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