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Cushing disease is a condition in which the pituitary gland releases excessive adrenocorticotropic hormone 
(ACTH) as a result of an adenoma arising from the ACTH-secreting cells in the anterior pituitary. ACTH-secret-
ing pituitary adenomas lead to hypercortisolemia and cause significant morbidity and mortality. Pituitary-
directed medications are mostly ineffective, and new treatment options are needed. As these tumors express 
EGFR, we tested whether EGFR might provide a therapeutic target for Cushing disease. Here, we show that in 
surgically resected human and canine corticotroph cultured tumors, blocking EGFR suppressed expression of 
proopiomelanocortin (POMC), the ACTH precursor. In mouse corticotroph EGFR transfectants, ACTH secre-
tion was enhanced, and EGF increased Pomc promoter activity, an effect that was dependent on MAPK. Block-
ing EGFR activity with gefitinib, an EGFR tyrosine kinase inhibitor, attenuated Pomc expression, inhibited 
corticotroph tumor cell proliferation, and induced apoptosis. As predominantly nuclear EGFR expression was 
observed in canine and human corticotroph tumors, we preferentially targeted EGFR to mouse corticotroph cell 
nuclei, which resulted in higher Pomc expression and ACTH secretion, both of which were inhibited by gefitinib. 
In athymic nude mice, EGFR overexpression enhanced the growth of explanted ACTH-secreting tumors and 
further elevated serum corticosterone levels. Gefitinib treatment decreased both tumor size and corticosterone 
levels; it also reversed signs of hypercortisolemia, including elevated glucose levels and excess omental fat. These 
results indicate that inhibiting EGFR signaling may be a novel strategy for treating Cushing disease.

Introduction
Pituitary tumors, accounting for approximately 15% of intracranial 
tumors, are invariably benign monoclonal adenomas with excessive 
hormone secretion and/or tumor mass effects compressing vital 
structures (1). Adrenocorticotropic hormone–secreting (ACTH-
secreting) tumors arising from pituitary corticotroph cells exhibit 
substantial morbidity and cause adrenal hypercortisolemia that 
results in osteoporosis, infections, psychiatric disorders, muscle atro-
phy, fat accumulation, hypertension, hyperglycemia, and ultimately 
death (2). The clinical syndrome of hypercortisolemia caused by 
ACTH-secreting pituitary tumor is known as Cushing disease.

No drug that effectively targets ACTH-secreting pituitary ade-
nomas is currently approved (3, 4). Agents that inhibit adrenal 
cortisol synthesis have limited use due to side effects, moderate 
efficacy, and inability to target the pituitary tumor. Optimal treat-
ment requires surgical adenoma resection, with initial remission 
rates achieved by experienced pituitary surgeons ranging 65%–90%  
for microadenomas, and less than 65% for macroadenomas (3). 
Postoperative recurrence rates at 10 years are 10%–20% for micro-
adenomas and up to 45% for macroadenomas (3). Surgical cure is 
further challenged by the fact that preoperative pituitary tumor 
localization may be difficult, even using high-resolution MRI. 
More than 70% of ACTH-secreting tumors are less than 10 mm 
in size, and up to 50% of patients have no detectable tumor by 
MRI (5). Inferior petrosal sinus sampling of ACTH gradients, an 
invasive angiographic procedure, is frequently needed to confirm 

the presence of an ACTH-secreting pituitary tumor (6–8). Early 
results with the somatostatin analog pasireotide or the dopamine 
agonist cabergoline have shown short-term biochemical control 
in a minority of patients with Cushing disease (9, 10). Long-term 
side effects and efficacy of these medications in patients with 
Cushing disease are unknown, and pasireotide predisposes to 
hyperglycemia development (11). Clinical trials of retinoic acid in 
canine Cushing disease have shown promise, but have not been 
extended to human use (12).

EGFR activation, resulting either from mutation or from ligand 
or receptor overexpression, is associated with a variety of human 
cancers (13). EGF is a pituitary cell growth factor and also direct-
ly induces prolactin synthesis (14). Although approximately 
60% of pituitary tumors — including ACTH-secreting adenomas  
(40%–80%) — express EGFR (15–18), the role of the receptor in 
tumorigenesis remains unclear. In pituitary corticotroph tumors 
expressing EGFR, p27Kip1, a cyclin-dependent kinase inhibitor, is 
downregulated (18). Mice with disrupted p27 also develop pituitary 
tumors mostly expressing proopiomelanocortin (POMC), a precur-
sor protein of ACTH (19–22). We hypothesized that the receptor 
could be a novel target for therapy of Cushing disease, and therefore 
tested EGFR signaling in ACTH-secreting pituitary adenomas.

Gefitinib, a tyrosine kinase inhibitor (TKI) targeting the EGFR, 
blocks activity at the intracellular ATP-binding site of the tyrosine 
kinase domain (23). Gefitinib exhibits efficacy in treating pulmo-
nary adenocarcinoma, especially in female Asian nonsmokers with 
deletion mutants of exon 19 (del746_A750) or point mutations 
of exon 21 (L858R) (24). Gefitinib is also effective in other can-
cers that overexpress EGFR (either WT or mutants; refs. 25, 26). 
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Here, we show the functional role of EGFR in human, canine, and 
murine corticotroph tumors and provide evidence supporting the 
use of EGFR TKI as a targeted therapy for Cushing disease.

Results
Gefitinib suppresses human corticotroph adenoma POMC expression. 
Since human corticotroph adenomas express EGFR, we treated 
primary cell cultures derived from surgically resected human 
ACTH-secreting tumors with gefitinib (0.1–10 μM) for 24 hours. 
As tumor cell POMC mRNA expression levels were dose-depend-
ently suppressed by gefitinib (~95%, P < 0.05; Figure 1A), we rea-
soned that EGFR inhibition could be a target for suppressing 
ACTH in corticotroph adenomas.

Effects of gefitinib on ACTH-producing canine pituitary tumor cells. 
These rarely encountered human adenomas are extremely small, 
and as minimal tissue is available for biochemical and genetic 
manipulation, we used canine and murine models that largely 
recapitulate the human disorder. As Cushing disease is frequently 
encountered in domestic dogs (27), we cultured cells derived from 
12 canine ACTH-secreting pituitary tumors after trans-sphenoi-
dal resection (28). We treated tumor cell cultures derived from 12 

different dogs with gefitinib and extracted mRNA from 10 sepa-
rate tumor cell cultures (excepting dogs 3 and 12, which did not 
yield sufficient mRNA). In 6 of 10 tumor cell cultures, gefitinib 
suppressed POMC mRNA levels (up to 70%), and in 4 of 12 tumor 
cell cultures, medium ACTH secretion was attenuated by the TKI 
by up to 60% (Figure 1, B and C). Thus, 8 of 12 tumor cell cultures 
were markedly affected by gefitinib. In contrast, in nontumorous 
primary canine pituitary cell cultures, POMC mRNA expression 
levels were unaltered by gefitinib (Supplemental Figure 1; avail-
able online with this article; doi:10.1172/JCI60417DS1). To con-
firm canine corticotroph tumor EGFR expression, we performed 
Taqman PCR using canine-specific EGFR probes and showed 
that 6 of 8 tumors that responded to gefitinib expressed EGFR 
(Figure 1D); the 2 tumors that did not express EGFR were nonre-
sponders (dogs 1 and 2), whereas EGFR expression was not able to 
be assessed in 2 tumors (dogs 7 and 10).

EGFR signaling induces Pomc expression and ACTH secretion via 
MAPK. To investigate the functional role of EGFR in tumorous 
corticotrophs, we generated stably transfected AtT20 cells, which 
do not express endogenous EGFR, using a retroviral vector con-
taining EGFRWT cDNA, cDNA of a constitutively active form of 

Figure 1
Effects of gefitinib on human and canine corticotroph adenoma cell cultures. (A) After trans-sphenoidal surgical resection of human ACTH-secret-
ing adenomas, tumor cells were dispersed, cultured, and treated with gefitinib (0.1–10 μM) for 24 hours, and human POMC expression levels 
were measured by real-time PCR. A representative experiment is shown (normalized by GAPDH). Each bar depicts 5 control replicates and 3 
for each dose (0.1–10 μM). (B–D) After trans-sphenoidal surgical resection of canine ACTH-secreting adenomas, tumor cells were dispersed, 
cultured, and treated with gefitinib (0.1–10 μM) for 24 hours. (B) Canine POMC expression levels were measured by real-time PCR. A represen-
tative experiment is shown (normalized by RPS5). (C) ACTH levels in culture media were measured using RIA. (D) Taqman PCR was performed 
using a specific canine EGFR probe and normalized by canine β-ACTIN. Values are mean ± SEM. *P < 0.05, #P < 0.01.
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EGFR (L858R), prevalent in lung cancer (29, 30), or empty vector 
(EV). The respective cells generated are referred to herein as EGFR-
WT cells, L858R cells, and EV cells. Western blot results showed 
abundant EGFR protein expression in EGFRWT cells, but not in 
EV cells (Figure 2A). L858R cells exhibited tyrosine autophosphor-
ylation even without added ligand, while EGF treatment induced 
receptor phosphorylation in both EGFRWT and L858R transfec-
tants (Figure 2A). MAPK and Akt pathways were activated by EGF 
in both EGFR transfectants, and effects of added ligand were more 
pronounced in EGFRWT than in L858R cells. Northern blotting 
showed that EGF dose-dependently enhanced Pomc expression lev-
els in EGFRWT cells (~2-fold, P < 0.05; Figure 2B).

Next, we tested regulation of Pomc promoter activity by EGFR. 
Luciferase expression driven by the Pomc promoter was induced by 
EGFR overexpression itself (L858R, ~2.5-fold that of EV; EGFR-

WT, ~1.7-fold that of EV) and was further enhanced by EGF treat-
ment in EGFRWT transfectants (~1.5-fold, P < 0.01), but not in 
L858R transfectants (Figure 2C). ACTH secretion to the culture 
media was enhanced in L858R transfectants (~1.7-fold, P < 0.001) 
but not in EGFRWT transfectants, whereas EGF dose-dependently 
induced ACTH levels only in EGFRWT cells (~2.5-fold, P < 0.01;  
Figure 2D). Since the Pomc promoter is regulated by MAPK or 
STAT3 pathways, we used MAPK inhibitor U0126 or STAT3 
inhibitor S31-201; Pomc reporter activity induced by EGF was 
dose-dependently inhibited by U0126, but not by S31-201 (Figure 
2E), which suggests that EGF induced Pomc transcriptional activi-
ty via MAPK. To determine the Pomc promoter regulatory elements 
required for EGF signaling, we generated truncated Pomc mutants 
with the pGL4 Basic luciferase expression vector. EGF treatment 
in EGFRWT transfectants showed that deletion of promoter bps 

Figure 2
EGFR enhances Pomc mRNA expression and ACTH secretion via MAPK. (A) EGFRWT, L858R, or EV AtT20 cells were treated with 5 nM 
EGF for 10 minutes, and Western blotting was performed. (B) EGFRWT cells were treated with EGF (0.5–50 nM) for the indicated times, and 
Northern blotting was performed. (C) EGFRWT, L858R, or EV cells were transfected with Pomc promoter and pRL-TK for 24 hours. After  
6 hours of serum deprivation, cells were stimulated with EGF (0.5–50 nM) for 24 hours. (D) EGFRWT, L858R, or EV cells were treated with  
5 nM EGF for 24 hours. ACTH secretion in the culture medium was determined by RIA (normalized for cell numbers). (E) EGFRWT cells were 
transfected with Pomc promoter and pRL-TK for 24 hours. After 6 hours of serum deprivation, cells were treated with U0126 (0.1–10 μM) or/and 
S31-201 (10–50 μM) for 45 minutes prior to induction with 5 nM EGF for 24 hours. (F) EGFRWT cells were transfected with Pomc promoter 
deletion mutants and pRL-TK for 24 hours. After 6 hours of serum deprivation, cells were stimulated with 5 nM EGF for 24 hours. Values are 
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.05 vs. respective control (untreated EGFRWT or vehicle). Representative results are from triplicate 
samples in at least 2 independent experiments.
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–323 to –200 — which include both pituitary restricted transcrip-
tion factor (Tpit) and paired-like homeodomain transcription fac-
tor 1 (Pitx1) responsive elements (RE) — abrogated EGF induction 
of Pomc (Figure 2F).

Gefitinib suppresses Pomc expression and ACTH secretion in murine 
corticotroph tumor cells. Next, we tested effects of blocking EGFR 
activity on hormone expression and secretion in AtT20 trans-
fectants. First, we confirmed the blocking effects of gefitinib on 
EGFR downstream signaling in murine corticotroph tumor cells. 
Western blotting analysis showed that gefitinib dose-dependently 
suppressed EGF-induced phosphorylation of EGFR, ERK, and Akt 
in EGFRWT and L858R transfectants, but not in EV transfectants 
(Figure 3A). RIA and luciferase assay results showed that gefitinib 
attenuated Pomc promoter activity (EGFRWT, ~63%, P < 0.001; 
L858R, ~58%, P < 0.01) and ACTH secretion (EGFRWT, ~60%,  
P < 0.01; L858R, ~60%, P < 0.01), while the highest gefitinib dose 
tested (10 μM) suppressed Pomc promoter activity even in control 
cells (~23%, P < 0.01; Figure 3, B and C).

Gefitinib induces apoptosis and suppresses murine corticotroph tumor 
cell proliferation. We tested effects of gefitinib on murine cortico-
troph adenoma cell proliferation. Gefitinib decreased the num-
ber of EGFRWT (~65%, P < 0.01) and L858R (~40%, P < 0.01) 
cells, but not EV cells (Figure 4A). Gefitinib also dose-depend-
ently reduced formation of colonies by these transfectants in soft 
agar (~60%, P < 0.01; Figure 4B). Furthermore, TUNEL staining 
showed that inhibition of EGFR kinase also induced apoptosis, 
while Western blot results showed elevated p53 and cleaved cas-
pase3 levels (Figure 4, C and D). Results of BrdU incorporation 
measurements showed that 1 μM gefitinib treatment reduced 

DNA synthesis in EGFR transfectants (EGFRWT, 
~10%, P < 0.05; L858R, ~40%, P < 0.01; Figure 4E). Sen-
sitivity to the drug was higher in mutants expressing 
L858R. Higher doses of drug (10 μM) reduced BrdU 
incorporation, even in EV transfectants (EV, ~58%,  
P < 0.01; EGFRWT, ~50%, P < 0.01; L858R, ~70%,  
P < 0.01; Figure 4E), while cell number was not altered 
with the high dose in EV cells (Figure 4A).

We then analyzed effects of gefitinib on intracellular 
signaling molecules. Western blot results showed that 
gefitinib enhanced p27 expression (~1.4-fold, P < 0.05) 
and attenuated levels of retinoblastoma protein (phos-
pho-Rb) (Ser780), E2F1, and pituitary tumor trans-
forming gene (PTTG) (~44%, P < 0.05; ~50%, P < 0.05; 
and ~18%, P < 0.05, respectively; Figure 4F).

Nuclear EGFR function in corticotroph tumors. To further charac-
terize EGFR expression in human and canine ACTH-producing 
pituitary tumors, we showed evidence for strong immunoreactive 
corticotroph tumor nuclear EGFR localization in both species. In 
contrast, both membranous and nuclear EGFR were detected in 
breast cancer specimens (positive control), while no EGFR staining 
was evident in testis (negative control) (Figure 5A). To elucidate 
the function of corticotroph tumor nuclear EGFR, we transiently 
transfected a nuclear-expressing EGFR construct, pCMV/EGFR-
ICD/myc/nuc (referred to herein as ICD), and showed nuclear 
EGFR localization; in contrast, control pCMV/EGFR/myc/nuc 
transfectants were located mainly on AtT20 membranes and in the 
cytoplasm (Figure 5B). ICD overexpression in AtT20 cells induced 
ACTH secretion (~1.5-fold, P < 0.05) and Pomc mRNA expression 
(~1.5-fold, P < 0.01) that was not altered by WT EGFR overexpres-
sion (Figure 5, C and D). Thus, membrane EGFR overexpression 
appears to require ligand-dependent activation to induce ACTH 
secretion (Figure 2D). Next, we tested gefitinib action on nuclear 
EGFR signaling and showed suppressed Pomc expression in ICD-
overexpressing AtT20 transfectants (~50%, P <0.05; Figure 5E).

In vivo effects of gefitinib on EGFR-overexpressing AtT20 allografts. To 
evaluate effects of gefitinib in vivo, EGFRWT or EV transfectants 
were inoculated s.c. into 7-week-old female nude mice (NU/J) ran-
domized to receive either oral gefitinib (100 mg/kg/d) or vehicle. 
Drug treatment was started 3 days after cell inoculation (1 × 106 
cells/mouse). As shown in Figure 6, A and B, the EGFR-expressing 
tumors thus generated were larger than controls (~3-fold, P < 0.01), 
and this tumor growth was inhibited by gefitinib treatment (~40%, 
P < 0.01). Elevated serum corticosterone levels in the EGFR group 

Figure 3
Gefitinib suppresses Pomc promoter activity and ACTH 
secretion. (A) EGFRWT, L858R, or EV cells were treated 
with gefitinib (0.1–10 μM) for 45 minutes prior to induc-
tion with 5 nM EGF for 10 minutes, and Western blot-
ting was performed. (B) EGFRWT, L858R, or EV cells 
were transfected with Pomc promoter and RSV–β-gal 
for 24 hours. After 6 hours of serum deprivation, cells 
were treated with gefitinib (0.1–10 μM) for 24 hours. (C) 
EGFRWT, L858R, or EV cells were treated with gefi-
tinib (0.1–10 μM) for 24 hours, and ACTH secretion was 
determined by RIA (normalized for cell numbers). Values 
are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 
Representative results are from triplicate samples in at 
least 2 independent experiments.
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(432 ± 52 ng/ml vs. 186 ± 12 ng/ml; P < 0.01) were also attenuated 
by oral gefitinib (~35%, P < 0.05; Figure 6C). Mice injected with 
EGFR transfectants showed features of hypercortisolemia, includ-
ing central fat accumulation, hyperglycemia, and weight gain, all of 
which were attenuated by oral gefitinib treatment (Figure 6, D–F). 
Notably, in mice injected with control AtT20 cells devoid of the 
EGFR, serum corticosterone, fat accumulation, glucose levels, and 
body weight were not altered by oral gefitinib treatment.

Discussion
Targeted medical therapy for ACTH-producing pituitary adeno-
mas is one of the most important current challenges for treat-
ing patients harboring endocrine tumors. Here, we explored the 
role of EGFR in pituitary corticotroph tumors. In human Cush-
ing tumors, gefitinib suppressed POMC expression by approxi-
mately 95%, and these drug effects were confirmed using canine 
corticotroph adenoma cells. Canine pituitary-dependent hyper-
adrenocorticism (PDH) largely recapitulates Cushing disease in 

humans and is commonly encountered. Clinical signs are mostly 
similar to the human disease, including central obesity, raven-
ous appetite, polyuria, polydipsia, thin skin, distinctive “pot-
belly” appearance, and loss of hair (31). In the present study, 
inhibition of EGFR kinase activity in canine tumor cell cultures 
suppressed 80% of POMC expression and 75% of ACTH secre-
tion. However, the observed normalization of in vitro ACTH 
secretion — to pretreatment levels — was not necessarily accu-
rate, as cell disruption may release secreted granules resulting 
in higher medium ACTH measurements. Real-time PCR results, 
a more sensitive measure of POMC mRNA, were similarly sup-
pressed by gefitinib. Tumor cells derived from dogs 1 and 2 did 
not respond to gefitinib and did not express EGFR, which sug-
gests that hormone-suppressive effects of gefitinib in canine 
tumors are mediated by EGFR. Dog 11 showed the highest levels 
of EGFR expression, and the suppressive effect on POMC gene 
levels appeared strong. However, ACTH was not attenuated in 
the culture, possibly suggestive of cell disruption (29).

Figure 4
Effects of gefitinib on corticotroph adenoma cell proliferation. (A) EGFRWT, L858R, or EV cells were treated with gefitinib (0.1–10 μM) for 24 
hours, and cells were counted. (B) EGFRWT cells were seeded (4,000 cells/well) for colony-forming assay, and gefitinib (0.1–10 μM) was added 
with serum-depleted media every third day. Colonies were counted from 5 randomly selected fields. (C) EGFRWT cells were treated with gefi-
tinib (0.1–10 μM) for 48 hours, and TUNEL staining was performed. Original magnification, ×20. Apoptotic cells were counted from 5 randomly 
selected fields (normalized by DAPI-stained cell number). (D) EGFRWT cells were treated with gefitinib (0.1–10 μM) for 48 hours, and Western 
blotting was performed. (E) EGFRWT, L858R, or EV cells were treated with gefitinib (0.1–10 μM) for 24 hours, BrdU staining was performed, 
and incorporation was quantified using flow cytometry. (F) EGFRWT cells were treated with gefitinib (0.1–10 μM) for 24 hours with or without 
EGF (5 nM), and Western blotting was performed. Values are mean ± SEM. #P < 0.01, ##P < 0.01 vs. untreated control; §P < 0.001 vs. vehicle 
control; **P < 0.01 vs. EV control; †P < 0.05, ††P < 0.01 vs. EGFRWT control; ‡P < 0.05, ‡‡P < 0.01 vs. L858R control. Representative results are 
from triplicate samples in at least 2 independent experiments.
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Pomc expression and ACTH secretion were clearly induced by 
EGF in an EGFR-dependent manner, and the Pomc promoter was 
also activated by EGFR signaling. Differentiated Pomc promoter 
activity is regulated by complex mechanisms subserved by sev-
eral transcriptional factors, including nuclear receptor subfamily 
4 (Nur), STAT3, neurogenic differentiation 1 (NeuroD1), Tpit, 
Pitx1, NF-κB, cAMP response element–binding protein (CREB), 
and glucocorticoid receptor (GR) (32–37). We elucidated the 
mechanisms underlying EGF induction of Pomc promoter activ-
ity and showed the MAPK dependence of EGFR signaling, which 
also required a –323 to –200 bp element that is proximal to the 
Pomc initiation site (downstream of MAPK) and includes tissue-
specific Tpit/Pitx sites (38).

Gefitinib suppressed Pomc promoter activity and ACTH secre-
tion in an EGFR-dependent manner. Gefitinib also induced apop-
tosis and inhibited AtT20 transfectant proliferation. Antiprolif-
erative and proapoptotic effects of gefitinib have previously been 
shown in cells of non–small cell lung cancer (NSCLC), breast can-
cer, and prostate cancer (30, 39, 40). In NSCLC, a somatic muta-
tion of EGFR, L858R, renders tumors particularly sensitivity to 
gefitinib (29). In the present study, antiproliferative and anti-
apoptotic effects of gefitinib were more marked in L858R than 
in WT transfectants. On the other hand, hormone suppression 
by gefitinib in WT and L858R cells was not different. Although 

EGFR mutations have not been detected in human Cushing 
tumors (18), further investigation is required to rigorously 
exclude putative mutations in these very rare and small tumors. 
The effects of gefitinib on cell cycle proteins and on apoptosis 
appeared to be weak. Nevertheless, cell number and BrdU incor-
poration were both attenuated by up to 60%, reflecting the drug 
effects on tumor cell proliferation. More interestingly, gefitinib 
treatment apparently induced p27kip1, a cyclin-dependent kinase 
inhibitor that is downregulated in most Cushing tumors (41, 
42). Interestingly, mice lacking p27 developed Pomc-expressing 
murine pituitary tumors (19), and p27 germline mutations are 
associated with human corticotroph adenomas (43), suggestive 
of a key role for p27 depletion in corticotroph cell tumorigenesis. 
Roscovitine, a cyclin-dependent kinase inhibitor, has also been 
shown as a possible target for experimental corticotroph tumors 
in zebrafish and in murine allografts (44). Taken together, our 
results support the notion that blocking EGFR signaling could 
attenuate corticotroph adenoma growth and ACTH secretion.

Gefitinib effectively suppressed ACTH secretion and inhibited 
tumor growth in EGFR-expressing tumors in vivo, in support of 
the in vitro results. In mice inoculated with WT transfectants, 
attenuating effects of gefitinib on phenotypic features of hyper-
cortisolism were paralleled by reductions in serum corticosterone 
levels, which indicates that gefitinib’s effects are mediated by 

Figure 5
Nuclear EGFR localization in corticotroph adenomas. (A) Confocal immunocytochemistry for EGFR was performed in human and canine cortico-
troph tumors. Human breast cancer tissue was used as a positive control, and human testis as negative control, for EGFR expression. Original 
magnification, ×100. (B–E) AtT20 cells were transiently transfected with EGFR (pCMV/EGFR/myc/nuc), ICD (pCMV/EGFR-ICD/myc/nuc), or 
EV (pCMV/myc/nuc) for 24 hours. (B) Immunofluorescent chemistry was performed with anti-EGFR. Original magnification, ×100. (C) Media 
were changed to serum-depleted media and collected 24 hours later. ACTH levels in culture media were measured using RIA (normalized for 
cell numbers). (D) RNA was extracted, and mouse Pomc expression levels were measured by real-time PCR. A representative experiment is 
shown (normalized by Gapdh). (E) After gefitinib treatment for 24 hours, RNA was extracted, and mouse Pomc expression levels were mea-
sured by real-time PCR. A representative experiment is shown (normalized by Gapdh). Values are mean ± SEM. *P < 0.05, **P < 0.01, vs. EV. 
Representative results are from triplicate samples in at least 2 independent experiments.
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tumoral hormone suppression. Although EGFR has previously 
been shown to regulate adrenal steroidogenesis (45), we showed 
here that serum corticosterone levels were attenuated by gefitinib 
only in animals with EGFR-expressing pituitary tumors, which 
suggests that gefitinib’s effect was primarily mediated by cortico-
troph tumor EGFR signal regulation.

Using immunofluorescence, we detected nuclear EGFR expression 
in both canine and human Cushing tumors. Nuclear EGFR local-
ization has previously been reported in breast, ovarian, and thyroid 
cancers (46–48), likely as a result of ligand-dependent EGFR nuclear 
translocation (49). Nuclear EGFR may act as a transcription factor 
(50) and directly induce proliferating cell nuclear antigen (PCNA) 
phosphorylation (51). Nuclear EGFR also confers drug resistance to 
cetuximab, a monoclonal EGFR antibody (52). Our results showed 
that nuclear EGFR selectively induced Pomc expression and ACTH 
secretion in AtT20 cells. Since both human and canine ACTH-
secreting pituitary adenomas expressed nuclear EGFR, it will be 
important to understand its function, even though the effect on 
POMC expression was modest. More importantly, gefitinib sup-
pressed ACTH secretion in nuclear EGFR–expressing corticotroph 
tumor cells. This is especially relevant for future application of the 
drug as a therapy for patients with Cushing disease, as these tumors 
express nuclear EGFR. We previously showed the efficacy of TKIs for 
prolactinomas, which also express nuclear EGFR (15).

The results show that EGFR signaling induced Pomc mRNA 
expression and ACTH secretion in corticotroph tumors. Block-
ing receptor tyrosine activity with gefitinib suppressed ACTH 
secretion and corticotroph growth both in vitro and in vivo. As 
gefitinib attenuated nuclear EGFR induction of Pomc expres-

sion, either membranous or nuclear EGFR could be a molecular 
target for treating patients with Cushing disease. Validating the 
clinical impact of gefitinib on canine and human Cushing tumors 
requires appropriately controlled clinical trials.

Methods
Materials. DMEM and penicillin/streptomycin were purchased from 
Invitrogen. EGF was from Sigma. Gefitinib (Iressa) was purchased from 
LC Laboratories.

Plasmid constructs. The various deletion mutant of rat Pomc promoter 
containing –379/+63, –323/+63, –200/+63, –155/+63, –100/+63, and 
–34/+63 were cloned by PCR from a previously described reporter plas-
mid (33) using specific primers; digested with Sal1 and BamH1; subcloned 
into pGL4.10 vector (Promega); and digested with XhoI and BglII. pRL-TK 
and RSV–β-gal vectors were purchased from Promega. For nuclear EGFR 
expression, the intracellular domain of EGFR (1,988–3,633 bp) was cloned 
by PCR from the pcDNA3.1-EGFRWT construct (gift of M.I. Greene, Uni-
versity of Pennsylvania, Philadelphia, Pennsylvania, USA) and subcloned 
into the empty pCMV/myc/nuc vector (Invitrogen), both of which were 
digested with NcoI and NotI. As a control, full-length EGFR was subcloned 
into the pCMV/myc/nuc vector, which confirmed expression of EGFR as a 
membrane protein. All constructs were verified by sequencing.

Stable cell transfections. AtT20 murine corticotroph tumor cells secreting 
ACTH were purchased from ATCC. EV, EGFRWT, or L858R cells were gen-
erated by retroviral infection containing EGFRWT cDNA, L858R cDNA, or 
EV (pBABEpuro, plasmid 11011 and 11012; Addgene), respectively. Stable 
colonies were selected in the presence of 100 ng/ml puromycin (Sigma-
Aldrich) for pBABEpuro vector. A vector control cell line (pBABEpuro) was 
simultaneously established by transfecting each vector devoid of respective 

Figure 6
Gefitinib attenuates EGFR tumor growth and hormone secretion in vivo. EGFRWT (1 × 106 cells/mouse, 0.1 ml with matrigel) or EV transfectants 
were injected s.c. in 7-week-old nude mice. 3 days after inoculation, mice with EGFR or control tumors received either vehicle (0.5% methylcel-
lose and 0.5% tween80/PBS) or gefitinib (100 mg/kg) for 10 days. (A) On the indicated days after treatment, tumor volume was measured by 
caliper and calculated as in Methods. (B) After euthanasia, tumors were excised and weighed. (C) Serum corticosterone levels were measured 
by RIA. (D) Omental fat was more prominent in EGFR-injected than control mice. Murine body weight (E) and plasma glucose levels (F) were 
measured after euthanasia. Values are mean ± SEM. *P < 0.05; **P < 0.01.
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inserted cDNA. After selection and propagation, stable transfectants were 
cultured in DMEM containing 10% FBS, penicillin/streptomycin, and 100 
ng/ml puromycin. After synchronization by serum starvation (medium 
containing 1% FBS for ~16 hours), cells with treatment agents were grown 
in fresh serum-depleted medium (1% FBS), and samples were collected at 
the indicated times.

Northern blotting. Probes for murine Pomc were generated as described 
previously (53). β-actin probe was a 1,076-kb fragment of the mouse  
β-actin gene (Ambion). RNA extraction was performed using TRIzol reagent 
(Invitrogen) according to the manufacturer’s instructions. For Northern 
blot analysis, 10–20 μg of total RNA was electrophoresed on 1% agarose, 
6.4% formaldehyde gel; transferred to Hybond-N+ membrane (Amersham); 
and UV cross-linked. Probes were labeled with (α-32P)CTP using the Prime-
it random primer labeling kit (Stratagene). Micro Bio-Spin chromatography 
columns (Bio-Rad) were used to purify probes. Membrane prehybridization 
and hybridization were performed using QuickHyb Solution (Stratagene) 
and then exposed to Hyperfilm MP (Amersham) for 1–4 days at –70°C.

Real-time RT-PCR. Total RNA was extracted with TRIzol reagent 
(Invitrogen) according to the manufacturer’s instructions. RNA quanti-
fication and integrity were assessed by measurement of absorbance at 260 
and 280 nm. Total RNA was reverse transcribed into first-strand cDNA 
using iScript cDNA synthesis kit (Bio-Rad Laboratories Inc.) according to 
the manufacturer. Quantitative PCR reactions were carried out using a iQ5 
Multicolor Real-time PCR Detection System (Bio-Rad Laboratories Inc.), 
as described previously (54). Certified RT2 primer assays for mouse Pomc 
and human POMC were purchased from SuperArray. The human house-
keeping gene primer set was from Real-time Primers, including GUSB, 
ACTB, GAPDH, and RLP13A, as described previously (55). Primer sequences 
(Invitrogen) were as follows: mouse 18s rRNA forward, 5′-GGACATCTA-
AGGGCATCACA-3′; mouse 18s rRNA reverse, 5′-TCAAGAACGAAAGTC-
GGAGG-3′; mouse Gapdh forward, 5′-CTGGAGAAACCTGCCAAGTA-3′; 
mouse Gapdh reverse, 5′-TGTTGCTGTAGCCGTATTCA-3′; canine POMC 
forward, 5′-GGCCTCTGTGGAAGTGAGTG-3′; canine POMC reverse, 
5′-ACGCCAGCAGGTTACTTTCC-3′; canine GUS forward, 5′-CCTCCT-
GCCGTATTACCCTTG-3′; canine GUS reverse, 5′-TCTGGACGAAGTA-
ACCCTTGG-3′; canine RPS5 forward, 5′-TCACTGGTGAGAACCCCCT-3′; 
canine RPS5 reverse, 5′-CCTGATTCACACGGCGTAG-3′; canine GAPDH 
forward, 5′-GATGGGCGTGAACCATGAG-3′; canine GAPDH reverse,  
5′-TCATGAGGCCCTCCACGAT-3′.

TaqMan PCR. TaqMan Gene Expression Assays for canine EGFR (cEGFR, 
cf02626541_m1) were purchased from Applied Biosystems. Amplicons were 
detected using relevant probes tagged with MGB quencher and FAM dye. 
TaqMan canine β-ACTIN control Expression Assays with probe tagged with 
MGB and VIC (Applied Biosystems) were used as reference gene. Real-time 
PCR was carried out in a MicoAmp Optical 96-well plate in ABI Prism 7700 
Sequence Detector (Applied Biosystems) as described previously (56). Tested 
sample signals were normalized to parallel values obtained for β-ACTIN.

Western blotting. After treatments, cells were placed on ice and washed 
with cold PBS. For protein extraction, cells were lysed in 100 μl of Radio 
Immuno Precipitation Assay (RIPA) buffer (Sigma-Aldrich) containing 
complete protease inhibitor cocktail tablets (Roche Molecular Biochemi-
cals) and phosphatase inhibitor cocktail 2 (Sigma-Aldrich). Lysates were 
centrifuged at 13,000 g for 10 minutes at 4°C, and protein concentrations 
were determined by BCA protein assay reagent (Thermo Scientific). West-
ern blot analysis was performed according to the guidelines of NuPAGE 
electrophoresis system protocol (Invitrogen). In brief, whole cell lysates 
(~50 μg protein per lane) were heated for 5 minutes at 100°C. Proteins 
were separated on 4%–12% NuPAGE Bis-Tris gels and electrotransferred for 
1 hour to polyvinylidene difluoride (Invitrogen). Membranes were blocked 
for 1 hour in 5% nonfat dry milk or 5% BSA in TBS-T buffer and incubated 

overnight with primary antibodies, including anti-pErk1/2, anti-Erk1/2, 
anti-Akt, anti-pEGFR (Tyr1068), anti-EGFR, anti-caspase3, and anti–phos-
pho-Rb (Ser780) from Cell Signaling Technology; anti-p53, anti-p27, anti-
Rb, anti-E2F1, and anti-GAPDH from Santa Cruz Biotechnology; and 
anti-pAkt (Ser473) and anti-pttg from Abcam. After washing with TBS-T, 
membranes were incubated with peroxidase-conjugated secondary anti-
body for 1 hour (5% nonfat dry milk or 5% BSA in TBS-T buffer). Blots 
were washed, and hybridization signals were measured by enhanced che-
miluminescence detection system (Amersham).

Soft agarose colony-forming assay. Base layers consisting of growth medium 
containing 0.6% low–melting point agarose (Invitrogen) were poured onto 
6-well plates and allowed to solidify. Cells (8 × 103 per well) were plated in 
triplicate in the top layers consisting of growth medium containing 0.3% 
agarose. 7–10 days later, cells were stained with 0.2% iodonitrotetrazolium 
chloride (Invitrogen), and colonies containing 50 or more cells were count-
ed manually in 5 randomly selected fields.

Cell proliferation assay. EGFRWT cells were plated at a density of 2 × 104 
per well in 12-well plates with growth medium. Cells were counted by 
hemocytometer at the indicated times.

BrdU incorporation. BrdU incorporation was measured by 5-Bromo-2′-
deoxy-uridine Labeling and Detection Kit II (catalog no. 11 299 964 001; 
Roche). Cells were plated at a density of 8 × 105 cells per 10-cm dish in 
serum-supplemented media and allowed to attach. Cells were starved over-
night in 1% FBS media, treated with gefitinib for 24 hours, and incubated 
in media containing 10 μM BrdU for 1 hour. Fixative was prepared by add-
ing 30 ml of 50 mM glycine solution (pH 2.0) to 70 ml ethanol. Cells were 
fixed overnight at –20°C, washed with PBS, and resuspended in incubation 
solution with anti-BrdU antibody (1:10 dilution) for 30 minutes at 37°C 
with gentle agitation. Cells were washed with PBS and resuspended in 100 
μl of 1% BSA/PBS with anti-mouse Alexa Fluor 488–conjugated secondary 
antibody (1:250 dilution) and incubated for 1.5 hours in the dark. Samples 
were washed with PBS, and fluorescence was measured by flow cytometry.

TUNEL assay. Cells were plated at a density of 5 × 104 cells per well in 
serum-supplemented media and allowed to attach on poly-d-lysine–coat-
ed glass slides in 12-well plates. Cells were starved overnight in DMEM 
with 1% FBS, then treated with gefitinib for 24 hours, fixed for 2 hours 
by 4% paraformaldehyde in PBS, and permeabilized by 0.1% TritonX-100 
in 0.1% sodium citrate. 100 μl of label solution/enzyme solution mixture 
was added to cells and incubated at 37°C for 1 hour. Washed samples were 
mounted and observed under confocal microscopy.

Hormone assays. RIAs for mouse ACTH and mouse corticosterone were 
performed in duplicate using reagents purchased from MP Biomedicals 
according to the manufacturer’s instructions.

Cultures of canine or human ACTH-producing pituitary tumor–derived cells. 
Canine (VCA West Los Angeles Animal Hospital) or human (Cedars-
Sinai Medical Center, Pituitary Center) ACTH-producing tumor tissues 
were obtained at the time of surgery and transferred in 0.3% BSA–con-
taining DMEM. After washing, tumor tissues were chopped with a sterile 
scalpel into approximately 1- to 2-mm pieces, rinsed, and digested with 
DMEM containing 0.3% BSA, 0.35% collagenase, and 0.15% hyaluroni-
dase at 37°C for 30 minutes. The mixture was centrifuged at 350 g for 5 
minutes at 4°C, and the cell pellet was resuspended in culture medium 
containing 10% FBS and antibiotics in 48-well plates. After 24 hours of 
incubation with serum-depleted starvation medium (DMEM with 0.3% 
BSA), treatment agents were added with fresh serum-depleted medium 
(0.3% BSA), and medium was collected for RIA. RNA was extracted after 
24 hours of treatment. Medium ACTH concentrations were normalized 
by the measured concentrations of pretreatment ACTH. The diagnosis 
of PDH was based on the presence of typical clinical signs and confirmed 
by measurement of basal ACTH concentrations, urine cortisol to creati-
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nine ratio (UCCR), and performance of either the low-dose dexametha-
sone suppression test (LDDS) and/or an ACTH stimulation test. For 
the LDDS, a diagnosis of hyperadrenocorticism was based on failure to 
suppress cortisol concentrations to below 1.4 μg/dl at 8 hours. A UCCR 
— derived from the first morning, voided urine sample — greater than 
13 was considered abnormal. The ACTH stimulation test was performed 
by collecting serum samples prior to and 1 hour after i.m. or i.v. admin-
istration of 5 μg/kg synthetic ACTH (Cortrosyn). A post-ACTH cortisol 
level greater than 22 μg/dl was considered diagnostic for hyperadreno-
corticism. PDH was confirmed by measurement of endogenous ACTH 
concentrations and/or greater than 50% suppression of serum cortisol 
concentrations during the course of the LDDS. Endocrine assays were 
performed at a commercial clinical veterinary laboratory with estab-
lished normalized values (Antech Diagnostics).

Immunofluorescence. Tumor specimens were fixed in 10% formalin and 
embedded in paraffin. After deparaffinization and antigen retrieval, slides 
were blocked in 10% goat serum in 1% BSA-PBS and then incubated over-
night with rabbit polyclonal anti-EGFR (sc-03, 1:50 dilution; Santa Cruz). 
After washes, slides were incubated with Alexa Fluor goat anti-rabbit 488 
(H+L, 1:500 dilution; Invitrogen) and Topro3 (Invitrogen) for 2 hours at 
room temperature, then mounted with Prolong Gold antifade reagent 
(Invitrogen). Confocal microscope images were obtained using True Con-
focal Scanner (TCS-SP) confocal scanner (Leica Microsystems) in a dual-
emission mode to separate autofluorescence from specific staining.

Animals. Six- to eight-week-old female Nu/J (Harlan Sprague Dawley) 
were inoculated with EV or EGFRWT stable transfectants (1 × 106 cells/
group). Tumor volumes were measured with a caliper and calculated as 
π/6 × large diameter × small diameter2, as previously described (54). 3 days 
after inoculation, mice with EV or EGFRWT were divided into 2 groups 

(n = 10 per group) and treated with gefitinib (100 mg/kg) or vehicle (0.5% 
methylcellose, 0.5% tween80/PBS; 100 μl) by oral gavage daily for 10 days. 
On the last treatment day (day 10), mice were euthanized using CO2 inhala-
tion followed by decapitation. Cardiac blood was collected with 18-gauge 
syringes, and tumors were excised and weighed.

Statistics. Results are expressed as mean ± SEM. Differences were assessed 
by 1-way ANOVA following Scheffe F test. A P value less than 0.05 was 
considered significant.

Study approval. This study was approved by the Institutional Animal Care 
and Use Committee and Institutional Review Board of Cedars-Sinai Medi-
cal Center and the Institutional Review Board of VCA West Los Angeles 
Animal Hospital. Informed consent was obtained from human subjects.
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