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Abstract

Some human small cell lung carcinomas (SCLC) secrete pro-
opiomelanocortin (POMC) derived peptides, but in contrast to
the pituitary, glucocorticoids fail to inhibit this hormone pro-
duction. Wehave previously described an in vitro model using
human SCLCcell lines that express POMCand are resistant
to glucocorticoids. Wehave now identified the glucocorticoid
receptor (GR) in the SCLCcell line CORL24 using a whole
cell ligand binding assay (Kd = 5.7 nM; B,,x, = 11 fmol/million
cells), while another cell line, DMS79, lacked significant glu-
cocorticoid binding. To analyze GR function both positive
(GMCO) and negative (TRE)3-tkCAT), glucocorticoid-regu-
lated reporter gene constructs were transfected into CORL24
cells.

In the SCLCcell line, neither hydrocortisone nor dexameth-
asone (500-2,000 nM) significantly induced chloralmphenicol
acetyltransferase expression from GMCO;in addition, they did
not suppress chloramphenicol acetyltransferase expression
from (TRE)3-tkCAT. Similar results were obtained with two
other POMC-expressing SCLCcell lines. Expression of wild
type GR in CORL24 cells restored glucocorticoid signaling,
with marked induction of GMCOreporter gene expression by
dexamethasone (9,100±910%; n = 3), and an estimated EC50
of 10 nM. This failure of the GRexplains the resistance of the
POMCgene to glucocorticoid inhibition and may have implica-
tions for cell growth in SCLC. (J. Clin. Invest. 1994. 93:1625-
1630.) Key words: glucocorticoids * ectopic hormone syn-
dromes * lung neoplasms * hormone receptors * steroid recep-
tors
Introduction

Most extrapituitary tumors causing Cushing's syndrome are of
lung origin ( 1, 2). The gene encoding the ACTHprecursor,
proopiomelanocortin (POMC),' is expressed at a low level in
normal lung (3), and POMC-derived peptides and mRNA
have been detected in most histological types of bronchogenic
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carcinoma, although secretion of peptide products is restricted
to tumors with significant neuroendocrine differentiation,
usually small cell lung carcinoma (SCLC) (1). In vivo, POMC
expression in these extrapituitary tumors is characteristically
resistant to glucocorticoid repression (2). This feature is used
in the high dose dexamethasone suppression test to distinguish
extrapituitary tumors causing ectopic ACTHsyndrome from
pituitary-dependent Cushing's disease, in which the physiologi-
cal negative feedback by glucocorticoids on POMCexpression
is partly preserved.

Many SCLC tumors synthesize and secrete peptide hor-
mones, including POMC-derived peptides, and 50%of patients
with SCLChave elevated cortisol levels presumably as a result
of ACTH-like bioactivity (4). Wehave established an in vitro
model using a panel of human SCLCcell lines that express the
POMCgene (5). Wehave previously demonstrated the pres-
ence of glucocorticoid receptor (GR) in the SCLC cell line
CORL103 using a nuclear steroid binding assay (6), but de-
spite this, POMCgene expression and peptide secretion are
highly resistant to glucocorticoid negative feedback (6).
Whereas anterior pituitary corticotroph tumor cells in primary
culture suppress ACTHpeptide production at 25 nM hydro-
cortisone, the SCLCcell line DMS79 required 1,000 nM hy-
drocortisone, and in two other cell lines, CORL103 and COR
L24, peptide production was significantly suppressed only at
2,000 nM (7).

There are several potential reasons for the resistance of
POMCexpression to glucocorticoid negative feedback. There
could be a defect in the POMCgene itself, a global abnormality
of glucocorticoid signaling, or the presence of a steroid metabo-
lizing enzyme (e.g., 11 f3-hydroxysteroid dehydrogenase) pre-
venting effective activation of the GR.

The aim of these studies was to examine glucocorticoid
signaling by transfecting SCLC cells with simple, exogenous,
glucocorticoid-regulated reporter genes and comparing a range
of concentrations of both the physiological glucocorticoid, hy-
drocortisone, and the synthetic glucocorticoid, dexametha-
sone.

Methods

Cell culture. The CORL24 and CORL103 cell lines were derived from
patients with pathologically confirmed SCLCand were generously do-
nated by Dr. P. Twentyman (MRCClinical Oncology and Radiothera-
peutics Unit, Cambridge, United Kingdom). DMS79 cells were de-
rived from a patient with SCLCand were kindly donated by Prof. 0.
Pettengill (Dartmouth Medical School, Hanover NH). The cells were
grown as previously described (6), using RPMI 1640 and supple-
mented with 2.5% fetal calf serum (Flow Laboratories, Inc., McLean,
VA), human transferrin (10 ,ug/ml), bovine insulin (5 gg/ml), so-
dium selenite (3 X 10-8 M), Hepes buffer (10 mM), glutamine (4
mM), and sodium pyruvate (1 mM). Incubation was at 37'C in an
atmosphere of 5% CO2. GH3 cells were cultured as previously de-
scribed (8) in Ham's FlO medium supplemented with 10% horse
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serum and 5% fetal calf serum. Dexamethasone, hydrocortisone, and
12-O-tetradecanoylphorbol-13-acetate (TPA) were purchased from
Sigma Chemical Co. (Poole, United Kingdom).

Plasmids. GMCOwas the kind gift of Prof. K. Yamamoto (Univer-
sity of California, San Franscisco, CA), and contains the murine mam-
mary tumor virus positive glucocorticoid response element linked to
the chloramphenicol acetyltransferase (CAT) reporter gene, and pre-
vious data have confirmed the plasmid to be inducible by dexametha-
sone (9). (TRE)3-tkCAT, consists of three tandem repeats of the phor-
bol ester response element (TRE), sequence AGCTTAAAGCATGAG-
TCAGACACCT(10) ligated to the herpes simplex thymidine kinase
(tk) promoter in pBL-CAT2 (I1 1). Weare very grateful to Dr. Bernard
Peer (University of Liege, Liege, Belgium) for kindly providing us with
this construct. RS-hGRa contains the full length coding region of the
human glucocorticoid receptor under the control of the promoter from
the Rous sarcoma virus, and was the kind gift of Dr. R. Evans (Salk
Institute for Biological Studies, La Jolla, CA) ( 12).

Transfection. Cells were washed twice in serum free medium then
resuspended with DNAin a 4-mm path length electroporation cuvette
(Bio-Rad, Hemel Hempstead, United Kingdom). All cells were elec-
troporated with a 200-V pulse at 1,500 uF capacitance (Electropore
2000; SEDD, Liege, Belgium). The transfected pools of cells were resus-

pended in supplemented medium then divided into treatment and con-

trol cultures to ensure similar transfection efficiency between groups
(8). Cells transfected with just GMCO(54 Mg) or (TRE)3-tkCAT (9
Mg) were harvested after 24 h culture, washed twice in sterile phosphate
buffered saline and pelleted at 400 g. In the cotransfection studies with
RS-hGRa (6 ug), cells were cultured for 48 h before harvest.

CAT assay. This was performed as previously described (13).
Briefly, cells were resuspended in hypotonic Tris (0.25 M, pH 7.6) and
lysed by three cycles of rapid freezing and thawing. Endogenous acety-
lase activity was reduced by incubation of cell lysate at 650C for 6 min.
All the lysate was used in each incubation with ['4C]chloramphenicol
(Amersham International, Amersham, United Kingdom), acetyl CoA
(Sigma Chemical Co.), and 1 M Tris (pH 7.8) buffer for 2 h. The
reaction was terminated by extracting the chloramphenicol with ethyl
acetate. Chloramphenicol and acetylated products were separated by
thin layer chromatography (methanol 5%/chloroform 95%), and visu-
alized by autoradiography. To quantitate acetylation the thin layer
chromatography plates were cut and measured in a beta scintillation
counter.

Glucocorticoid receptor studies. Cells in late log phase growth were
harvested and resuspended in serum free medium for 48 h. The cells
were then washed once in serum free medium and resuspended in
serum-free medium to a final density of - 1 x 106 cells/ml in 400 Ml.
50-Ml aliquots of serially diluted [3H]dexamethasone ( 1,2,4,6,7-3H
dexamethasone, specific activity = 89 Ci/mmol, Amersham Interna-
tional) were added to the cells to give final concentrations of between 1
and 50 nM. Parallel incubations with a 200-fold molar excess of unla-
beled dexamethasone were performed to estimate nonspecific binding.
After a 1-h incubation at 37°C, cells were harvested, washed twice in
ice-cold PBS, and lysed with 10% glycerol and 1% Triton X-100 in 25
mMHepes. 4 ml scintillant was added to the cell lysate, and counted in
a # scintillation counter. Specifically bound dexamethasone is ex-

pressed as fmol/million cells. Data were analyzed using the Simfit
package (W. Bardsley, University of Manchester, Manchester, United
Kingdom) running on an IBM 286 PC.

Results
Glucocorticoid receptors were identified in SCLC cell line,
CORL24, using a whole cell ligand binding assay. The receptor
binds dexamethasone with a Kd of 5.7 nM (mean of triplicate
determinations, representative of assays performed on five sep-
arate occasions), and a B..a of 1 1.1 fmol/million cells. The
mouse pituitary AtT20 corticotroph cell line, bound dexameth-
asone under the same conditions with a Kd of 5.2 nM and a
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Figure 1. (A) Binding of dexamethasone to AtT20 and CORL24

cells, results are mean of triplicate determinations, representative of

assays performed on five separate occasions. [3H]dexamethasone was

incubated with cells for 1 h. Nonspecific binding was calculated by

coincubation with unlabeled dexamethasone in 200-fold molar ex-

cess. (B) Scatchard transformation of data in (A). The affinity of

dexamethasone binding was similar between CORL24 (Kd 5.7 nM)

and AtT20 cells (Kd = 5.2 nM), but there was a consistent difference

in the receptor concentration (AtT20 B., 22.3 fmol/million cells,

CORL24 B.n,, = 11.1 fmol/million cells).

Bmi 22.3 fmol/million viable cells (Fig. 1). Under the same

assay conditions, we were unable to consistently demonstrate

high affinity dexamethasone binding in DMS79 cells. The rela-

tively minor difference in receptor concentration between

CORL24 and AtT20 cells contrasted with the severely gluco-
corticoid resistant phenotype of the CORL24 cells, and so a

series of functional studies were undertaken.

Rat pituitary GH3cells, which are known to be glucocorti-
coid responsive, were transfected with the glucocorticoid-indu-
cible GMCOreporter construct and displayed appropriate glu-

cocorticoid activation of CATexpression with 500 nMdexa-

methasone increasing expression to 810±75% (SEM) of

control levels (n = 3). In contrast, parallel studies in CORL24
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duction (n = 3). In addition, when (TRE)3-tkCAT was coex-
pressed, 500 nM dexamethasone suppressed CATexpression
to 75±3% of control (n = 3) (Fig. 5). Furthermore, when dexa-
methasone concentrations ranging from 1 nMto 500 nMwere
incubated with CORL24 cells that had been transfected with
GMCOplasmid and RS-hGRa, there was a significant induc-
tion of CATexpression with an EC50 of 10 nMdexametha-
sone (n = 3) (Fig. 5).

Control experiments using the same Rous sarcoma virus
expression vector but with the coding sequence for GRsubsti-
tuted by 3l-lactamase cDNA( 13 ) failed to influence activity of
the reporter plasmids (data not shown), thereby excluding
"squelching" ( 18) as a possible explanation of these results.
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Figure 2. GH3and CORL24 cells were transfected with the gluco-
corticoid inducible reporter gene GMCOand then incubated with
500 nMdexamethasone. In GH3cells, dexamethasone induced CAT
expression to 810±75% of control (n = 3), but in CORL24 cells, the
same concentration of dexamethasone induced CATexpression to
130±17% of control (n = 3).

cells showed no significant induction of CAT expression by
500 nMdexamethasone or 1,000 nMhydrocortisone (Fig. 2),
and even concentrations as high as 2,000 nMdexamethasone
had no effect ( 104±13% of control, n = 3) (Fig. 3). The same
experiments were extended to two other POMC-expressing
SCLCcell lines, CORL103 and DMS79, but again no induc-
tion of transcription from GMCOwas observed after dexa-
methasone treatment, even at 2,000 nM (Fig. 3).

Glucocorticoids act to repress transcription at lower con-
centrations than those needed for transactivation ( 14), and
this could occur by receptor interaction with other transcrip-
tion factors, such as AP-l ( 15-17). Our original data had indi-
cated that the POMCgene was resistant to suppression by glu-
cocorticoid, and since the mechanism of glucocorticoid action
on POMCis complex, we therefore wished to examine inhibi-
tion of another negatively regulated reporter gene, (TRE)3-
tkCAT. Again, in 11 separate experiments performed in tripli-
cate, this construct transfected in CORL24 cells failed to re-
spond to hydrocortisone (500 or 1,000 nM) or dexamethasone
(500 or 2,000 nM), in contrast to the inhibition of CAT ex-
pression to 23% of control levels seen in the GH3cells (n = 2)
(Fig. 4). This failure of glucocorticoid-mediated transcrip-
tional repression was seen with both basal and phorbol ester-
stimulated (TPA at 100 ng/ml) transcription from the
(TRE)3-tkCAT construct. These experiments were repeated in
both CORL103 and DMS79 cells with similar results (data
not shown).

To determine whether authentic glucocorticoid receptor
could restore glucocorticoid signaling, we expressed a wild-
type, human sequence glucocorticoid receptor in the SCLC
cells, using the plasmid RS-hGRa and found that it restored
glucocorticoid action on both the positive (GMCO)and nega-
tive ((TRE)3-tkCAT) reporter genes. In three separate experi-
ments in which RS-hGRa was cotransfected with GMCOinto
CORL24 cells subsequent incubation with 500 nMhydrocor-
tisone caused 202±49% induction of CATexpression, and in-
cubation with 500 nMdexamethasone caused 9,100±910% in-

In the present studies, we have addressed the nature of the
glucocorticoid resistance of POMCexpression in human SCLC
cell lines. The POMCgene has a complex promoter that re-
quires the action of both ubiquitous and tissue-specific factors
for expression. There are two regions ([-77/-51] [19] and
[ -480/ -320 ] [ 20 ]) that appear to allow glucocorticoid repres-
sion of gene expression, possibly by disrupting the action of
other, as yet unidentified, transcription factors at these ele-
ments. Because of this complexity and the detection of high
affinity glucocorticoid binding in one severely glucocorticoid-
resistant cell line, CORL24, we wished to examine the integrity
of glucocorticoid signaling in three SCLCcell lines by studying
the effects of glucocorticoids on simple, well-characterized re-
porter genes.

Initial experiments showed that the CORL24 cells con-
tained high affinity binding activity for the specific glucocorti-
coid receptor ligand, dexamethasone, but high affinity binding
could not be consistently detected in DMS79 cells. The con-
centration of receptors was consistently less in CORL24 than
in the AtT20 control cells, but cell type specific variations in
level of receptor expression has been described before (21).
The B. obtained for CORL24 of 1 1.1 fmol/liter can also be
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Figure 3. The transfection assay was extended to two other SCLCcell
lines that also express the POMCgene. 2,000 nMdexamethasone
failed to significantly induce CAT expression from GMCO.Incuba-
tions were performed in triplicate and results are presented as the
mean±SEMand are representative of experiments performed on
three occasions.
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Figure 4. The dexamethasone-repressible reporter gene (TRE)3-
tkCAT was transfected into GH3cells and CORL24 cells, which were

then incubated with dexamethasone and TPA (100 ng/ml).

gand hydrocortisone and dexamethasone is probably caused by
the steroid metabolizing enzyme 11 f-hydroxysteroid dehydro-
genase, which does not act on dexamethasone. This difference
in potency was not found in DMS79 cells (data not shown).
However, in both cell lines, dexamethasone was an effective
ligand for the wild type GR, showing that access of steroid to
intracellular receptors is unimpaired, and therefore not the rea-
son for glucocorticoid resistance. Our findings suggest that al-
though the endogenous SCLCglucocorticoid receptor is pres-
ent in CORL24 cells, it is not effective. One explanation for
this is mutation of the coding region of the receptor leading to
loss oftranscriptional function, but preservation of ligand bind-
ing activity. However, it may be that by overexpressing wild
type GR, we were able to titrate out an intracellular inhibitor of

A

Plasmid

CORL24

TRE-tkCAT GMCO

4i,

expressed as 6,660 receptors per cell, which accords well with
values of 7,191 receptors per cell found in peripheral blood
mononuclear leukocytes from healthy volunteers; a glucocorti-
coid receptor concentration that permitted dexamethasone in-
hibition of PHA-stimulated [3H]thymidine incorporation
(22). It was, therefore, felt that the reduced receptor concentra-
tion alone was not sufficient to confer global glucocorticoid
resistance.

The transfection assays showed a failure of both glucocorti-
coid-induced transcriptional activation and repression in the
SCLCcell lines. The GMCOconstruct depends on binding of
activated glucocorticoid receptor to DNAfor transcriptional
enhancement, whereas (TRE)3-tkCAT is repressed by gluco-
corticoid receptor binding to the AP- 1 transcription factor, and
so preventing transcription from its response element ( 14).
Data published after these studies were performed suggests that
the inhibition of the POMCgene by glucocorticoids involves
binding of three GRmolecules to one of the glucocorticoid
response elements (23). As yet, the mechanisms of GRaction
on POMCtranscription have not been fully defined, and so

while the (TRE)3-tkCAT reporter gene usefully addresses one

aspect of GR-mediated repression, it may not represent GR
action on the POMCgene. The experiments with GMCO
showed a lack of effective glucocorticoid signaling in SCLC
cells in response to both the physiological glucocorticoid hy-
drocortisone and dexamethasone, even at very high concentra-
tion. This failure extended to the glucocorticoid repressible re-

porter (TRE)3-tkCAT, confirming significant functional fail-
ure of the endogenous glucocorticoid receptor leading to a

global defect in glucocorticoid signaling, rather than irrevers-
ible inactivation of some endogenous steroid target genes, as

has been described in other steroid-resistant models (24).
Thus, defective glucocorticoid suppression of the POMCgene
is directly explicable by the defect in GRfunction and does not
need to implicate other factors.

The results show restoration of appropriate glucocorticoid
signaling to both the reporter genes with wild type GR. The
significant difference in potency between the physiological li-
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Figure 5. (A) Cotransfection of human GRexpression vector RS-
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of TPA-induced CATexpression by=500 nMdexamethasone. The
second two lanes show induction of CATexpression from GMCOby
500 nMdexamethasone. (B) Dexamethasone dose response curve

comparing induction from GMCOwith and without cotransfected
RS-hGRa. This shows significant induction of GMCOexpression at
the expected concentration of 10 nMdexamethasone.
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GRaction, and by analogy with thyroid hormone resistance
(25) or estradiol resistance in breast cancer (26), this could be
a dominant negative mutant allele GR. Another candidate in-
hibitor is the AP- 1 transcription factor, since AP- 1 and GRcan
suppress each other's transcriptional activity by interaction at
the protein level ( 14, 16). It is conceivable that derangement of
AP- 1, by either an activating mutation or overexpression, may
underlie the glucocorticoid resistant phenotype seen in CORL24.

In the three SCLCcell lines studied, POMGexpression has
been a "marker" for glucocorticoid resistance, but not all
SCLCtumors or cell lines expression POMC.The contribution
of glucocorticoid resistance to the ectopic expression of POMW
in these SCLCcell lines cannot be determined from this study,
but the failure of glucocorticoid regulation of POMCexpres-
sion stems from defective glucocorticoid signaling, and this
may be the case in vivo. This suggests that glucocorticoid resis-
tance may occur in a significant proportion of human SCLC
tumors, and such defective signaling has implications for other
signaling cascades, such as those terminating with the AP- 1
transcription factor, which is known to interact with activated
glucocorticoid receptor ( 14, 16).

Glucocorticoid receptors are present in a large number of
human solid tumors and in all malignancies of lymphoid origin
(27). Important effects of glucocorticoids on tumor growth
and differentiation have been described in some cases, but few
data exist for lung tumors. Dexamethasone has been shown to
retard growth of a glucocorticoid receptor-positive alveolar cell
carcinoma (28) and to reduce tumor size in human adenocarci-
noma xenografts in nude mice. As Norgaard and Poulsen sug-
gest, extension of these studies to other human malignancies to
characterize possible roles for GRis urgently required (27).

Resistance to glucocorticoids also exists as a familial condi-
tion, and although rare, it is increasingly being recognized. This
is characterized by increased cortisol production without clini-
cal evidence of hypercortisolism, but with manifestations of
androgen and mineralocorticoid excess driven by ACTH. This
syndrome appears to be caused exclusively by mutations of the
glucocorticoid receptor gene, and so far, these are either point
mutations in the ligand binding domain (29, 30) or loss of
allele expression (31 ). In all the cases described to date, the
mutations result in mild resistance to glucocorticoids, which
can be overcome by modestly increased glucocorticoid concen-
trations, in contrast to the severe glucocorticoid resistance
found in these studies using three SCLCcell lines.

In conclusion, we have shown a major defect in glucocorti-
coid signaling in a panel of POMWexpressing human SCLC
cell lines, which can be corrected by expression of human glu-
cocorticoid receptor. Thus, the reason that POMGtranscrip-
tion is not affected by glucocorticoids is a general failure of the
endogenous glucocorticoid receptor. This failure will impact
on other aspects of cellular metabolism and division and may
have implications for tumor survival. Further studies are un-
derway to determine the precise cause of resistance in this im-
portant in vitro model of human malignancy.
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