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Abstract
Aims—The mechanism by which SR48692 inhibits non-small cell lung cancer (NSCLC)
proliferation was investigated.

Materials and Methods—The ability of SR48692 to inhibit the proliferation of NSCLC cell
lines NCI-H1299 and A549 were investigated in vitro in the presence or absence of neurotensin
(NTS). The ability of NTS to cause epidermal growth factor receptor (EGFR) transactivation was
investigated by Western blot using NSCLC cells and various inhibitors. The growth effects and
Western blot results were determined in cell lines treated with siRNA for NTSR1.

Key findings—Treatment of A549 or NCI-H1299 cells with siRNA for NTSR1, reduced
significantly NTSR1 protein and the ability of SR48692 to inhibit the proliferation of A549 or
NCI-H1299 NSCLC cells. Treatment of A549 and NCI-H1299 cells with siRNA for NTSR1
reduced the ability of NTS to cause epidermal growth factor receptor (EGFR) transactivation.
SR48692 or gefitinib (EGFR tyrosine kinase inhibitor) inhibited the ability of NTS to cause EGFR
and ERK tyrosine phosphorylation. NTS transactivation of the EGFR was inhibited by GM6001
(matrix metalloprotease inhibitor), Tiron (superoxide scavenger) or U73122 (phospholipase C
inhibitor) but not H89 (PKA inhibitor). NTS stimulates whereas SR48692 or gefitinib inhibits the
clonal growth of NSCLC cells.

Significance—These results suggest that SR48692 may inhibit NSCLC proliferation in an
EGFR-dependent mechanism.
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Introduction
Neurotensin (NTS) (Carraway and Leeman, 1973) has potent growth effects in normal and
neoplastic tissues (Evers, 2006). NTS is medullary thyroid carcinoma (Zeytinoglu et al.,
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1995) and small cell lung cancer (SCLC) cells (Moody et al., 1985). NTS is secreted from
SCLC cells and binds with high affinity (Moody et al. 2003). The action of NTS is mediated
by NTSR1 and NTSR2 as well as NTSR3, which has a single transmembrane domain and
binds sortolin with high affinity (Betancur et al., 1998). SR48692 is a non-peptide NTSR1
antagonist (Gulley et al., 1993) which inhibits the proliferation of pancreatic, prostate and
SCLC cells in vitro and in vivo (Moody et al., 2001; Valerie et al., 2011; Wang et al., 2011).

NTSR1 activation causes phosphatidylinositol (PI) turnover in a phospholipase C dependent
manner (Dupouy et al., 2011). The inositol-1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG) released elevation of cytosolic Ca2+ (Staley et al., 1989) and activates protein kinase
(PK)C, respectively (Muller et al., 2011). The activation of ERK and PKD is dependent
upon PKC activity (Guha et al., 2002, Kisfalvi et al., 2005). NTS activates Akt and NF-κB
pathways leading to increased cellular survival (Hassan et al., 2004; Zhao et al., 2003) and
inactivates glycogen synthase kinase leading to increased cyclin D1 expression (Wang et al.,
2006). NTS causes tyrosine phosphorylation of focal adhesion kinase (FAK) (Leyton et al.,
2002) and Src (Lee et al., 2001). NTS causes epidermal growth factor (EGF)R and ERK
tyrosine phosphorylation in prostate cancer cells (Hassan et al., 2004). The results indicate
that NTS causes tyrosine phosphorylation of numerous proteins (Servotte et al., 2006;
Heakal et al., 2011).

The NTSR1 is present in several types of cancer. Reubi et al., (1999) found a high density of
specific (125I-Tyr3)NTS binding sites in Ewing’s sarcoma and medullary thyroid cancers. In
non-small cell lung cancer (NSCLC), NTS and NTSR1 immunoreactivity are present in
approximately 60% of lung adenocarcinoma biopsy specimens (Alfano et al., 2010). Patients
with high NTSR1 had significantly lowers relapse-free survival than those with reduced
NTSR1 levels. Similarly, high NTSR1 expression is associated with poor prognosis of
patients with ductal breast cancer as well as head and neck squamous carcinomas (Dupouy
et al., 2009; Shimizu et al., 2008). Treatment of mice containing NSCLC or colon cancer
xenografts with the NTSR1 antagonist SR48692 reduced tumor growth (Moody et al., 2001;
Maoret et al., 1999). These results suggest that NTSR1 may regulate the proliferation of
numerous cancers.

The mechanism by which SR48692 inhibits NSCLC proliferation was investigated. Addition
of siRNA to the NSCLC cells decreased significantly NTSR1 protein, decreased NTS
transactivaiton of the EGFR and the ability of SR48692 to inhibit proliferation. The ability
of NTS to cause EGFR tyrosine phosphorylation was inhibited by SR48692, gefitinib
(EGFR TKI), GM6001 (matrix metalloprotease inhibitor), Tiron (superoxide scavenger) and
U73122 (phospholipase C inhibitor). NTS stimulated, but gefitinib or SR48692 inhibited the
clonal growth of NCI-H1299 cells. These results indicate that SR48692 inhibits the growth
of NSCLC cells in an EGFR dependent mechanism.

Materials and Methods
Cell culture

NSCLC NCI-H1299 or A549 cells, which contain NTSR1 and wild type EGFR, were
cultured in Roswell Park Memorial Institute (RPMI)-1640 medium containing 10% heat-
inactivated fetal bovine serum (Invitrogen, Grand Island, NY). The cells were split weekly
1/20 with trypsin-ethylenediaminotetraacetic acid (EDTA). The cells were mycoplasma-free
and were used when they were in exponential growth phase after incubation at 37°C in 5%
CO2/95% air.
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Receptor binding
NCI-H1299 cells were plated in 24 well plates. When the cells were confluent, they were
rinsed 2 times with PBS and placed in PBS containing 0.1 % bovine serum albumin (BSA)
and 100 ug/ml bacitracin. (125I-Tyr3)NTS (0.1 nM) was added in the presence or absence of
NTS analogs (NTS, NTS8–13, Ac-NTS8–13 and NT1–8) (Bachem, Torrence CA). After 30
min at 37°C, the cells were washed 3 times in PBS containing 0.1% BSA. The cells
containing bound radiolabeled NTS were counted in a LKB gamma counter.

Western Blot
The ability of NTS to stimulate tyrosine phosphorylation of EGFR was investigated by
Western blotting. NCI-H1299 or A549 cells were cultured in 10 cm dishes. When a
monolayer of cells formed they were placed in SIT media for 3 hr. Routinely, NSCLC cells
were pre-treated with SR48692, gefitinib (Tocris Bioscience, Ellisville, MO), GM6001,
Tiron or U73122 (Sigma-Aldrich, St. Louis, MO) for 30 min. Then cells were treated with
100 nM NTS for 2 min, washed twice with PBS and lysed in buffer containing 50 mM
Tris.HCl (pH 7.5), 150 mM sodium chloride, 1% Triton X-100, 1% deoxycholate, 1%
sodium azide, 1 mM ethyleneglycoltetraacetic acid, 0.4 M EDTA, 1.5 µg/ml aprotinin, 1.5
µg/ml leupeptin, 1 mM phenylmethylsulfonylfluoride and 0.2 mM sodium vanadate (Sigma-
Aldrich, St. Louis, MO). The lysate was sonicated for 5 s at 4°C and centrifuged at 10,000 ×
g for 15 min. Protein concentration was measured using the BCA reagent (Thermo
Scientific, Rockford, IL), and 600 µg of protein was incubated with 4 µg of
antiphosphotyrosine (PY) monoclonal antibody, 4 µg of goat anti-mouse immunoglobulin
IgG and 30 µl of immobilized protein G (Thermo Scientific, Rockford, IL) overnight at 4°C.
The immunoprecipitates were washed 3 times with phosphate buffered saline and analyzed
by sodium dodecyl sulfate/polyacrylamide gel electrophoresis and Western blotting.
Immunoprecipitates were fractionated using 4–20% polyacrylamide gels (Novex, San
Diego, CA). Proteins were transferred to nitrocellulose membranes and the membranes were
blocked overnight at 4°C using blotto [5% non-fat dried milk in solution containing 50 mM
Tris/HCl (pH 8.0), 2 mM CaCl2, 80 mM sodium chloride, 0.05% Tween 20 and 0.02%
sodium azide (Sigma-Aldrich, St. Louis, MO)] and incubated for 16 h at 4°C with 1 µg/ml
anti-EGFR antibody (Cell Signaling Technologies, Danvers, MA) followed by anti-rabbit
immunoglobulin G-horseradish peroxidase conjugate (Upstate Biotechnologies, Lake Placid,
NY). The membrane was washed for 10 min with blotto and twice for 10 min with washing
solution (50 mM Tris/HCl (pH 8.0), 2 mM CaCl2, 80 mM sodium chloride, 0.05% Tween
20 and 0.02% sodium azide (Sigma-Aldrich, St. Louis, MO)). The blot was incubated with
enhanced chemiluminescence detection reagent for 5 min and exposed to Kodak XAR film.
The intensity of the bands was determined using a densitometer.

Alternatively, 20 µg of cellular extract was loaded onto a 15 well 4–20% polyacrylamide
gels. After transfer to nitrocellulose, the blot was probed with anti PY1068-EGFR, anti-
EGFR, anti-PY-ERK, anti-ERK, anti-PY402PYK2, anti-PY416Src, anti-PY654β-catenin or
anti-tubulin (Cell Signaling Technologies, Danvers, MA).

siRNA
A549 and NCI-H1299 cells were cultured in 6 well plates. When the cells were confluent,
they were washed in 1 ml of siRNA transfection medium followed by addition of 20 pmol
NTSR1 siRNA (Santa Cruz Biotechnology, Santa Cruz, CA.) in 100 µl of siRNA
transfection medium. After 6 hr at 37°C, 1 ml of RPMI-1640 with 10% fetal bovine serum
was added. After 72 hours, the cells were washed in PBS and the protein lysate prepared for
Western blot. The Western blots were probed with NTSR1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA).
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Reactive oxygen species
NCI-H1299 or A549 cells were placed in 96 well plates (30,000 cells/well) and cultured
overnight. The cells were treated with 10 µM dichlorofluoresceindiacetate for 1 h and
washed 3 times with serum free SIT medium. Some of the cells were treated with 5 mM
Tiron for 30 min and then stimuli such as 0.1 µM NTS or 10 µM H2O2 added. Fluorescence
measurements were taken at the various times using an excitation wavelength of 485 nm and
emission wavelength of 585 nm.

Proliferation assays
In the MTT assay, A549 or NCI-H1299 cells were placed in 96 well plates (105 cells/well)
in SIT media (100 µl). Varying concentrations of SR48692 (Tocris Biosciences, Ellisville
MO) were added. After 3 days, 15 µl of MTT (1 mg/ml) was added. The following day 150
µl of DMSO was added and the absorbance determined at 540 nm using an ELISA reader.

In the clonogenic assay, NCI-H1299 cells were treated with 10 nM NTS in the presence or
absence of SR48692 and/or gefitinib. The bottom layer contained 0.5% agarose in SIT
medium containing 5% FBS in 6 well plates in 2 ml. The top layer consisted of 2 ml of SIT
medium in 0.3% agarose (Lonzo, Rockford, ME), 5 × 104 NCI-H1299 cells, SR48692 and/
or gefitinib. Triplicate wells were plated and after 2 weeks, 1 ml of 0.1% p-
iodonitrotetrazolium violet (Sigma-Aldirch, St. Louis, MO) was added and after 16 hours at
37°C, the plates were screened for colony formation; the number of colonies larger than 50
µm in diameter were counted using an Omnicon image analysis system.

TGFα ELISA
NCI-H1299 cells in 24 well plates were washed in 0.25 ml of SIT media. The cells were
incubated with inhibitors such as 10 µM GM6001 for 30 min, followed by addition of 100
nM NTS for 5 min. The supernatant was collected and assayed for TGFα by ELISA (R & D;
Minneapolis, MN).

Results
NTSR1 knock-down and effects of SR48692 on NSCLC cells

NTSR1 was investigated in NSCLC cells by Western blot and receptor binding. Table I
shows that specific 125I-Tyr3-NTS binding to NCI-H1299 cells was inhibited with high
affinity by NTS, NTS8–13, Ac-NTS8–13 but not NTS1–8 with IC50 values of 4, 10, 7 and
>2000 nM, respectively. Also, SR48692 inhibited specific binding of radiolabelled NTS to
NCI-H1299 cells (IC50 value of 205 nM), whereas levocabastine, a NTSR2 agonist, and
gefitinib did not (IC50 values of >2000 and >2000 nM, respectively). Table I shows that
addition of NTS, NTS8–13 and Ac-NTS8–13 to NCI-H1299 cells significantly increased EGF
tyrosine phosphorylation whereas NT1–8, SR48692, gefitinib or levocabastine did not. These
results indicate that NTS, NTS8–13 and Ac-NTS8–13 are biologically active. By Western
blot, a 55 kDal band was present in extracts derived from A549 cells and NCI-H1299 cells
(Fig. 1). Treatment of NCI-H1299 or A549 cells with siRNA for NTSR1 reduced the band
intensity by 52 % and 44 % respectively, whereas treatment with control siRNA had little
effect (Fig.1A, 1B). These results indicate that NTSR1 is present in NSCLC cells.

Previously NTSR1 knock-down reduced A549 proliferation in vitro and in vivo (Alfano et
al., 2010). Here the growth effects of SR48692 were investigated. Fig. 1C shows that using
untreated A549 cells, A549 cells treated with NTSR1 siRNA and cells treated with control
siRNA, the IC50 values for SR48692 growth reduction were 28 µg/ml, >40 µg/ml and 25 µg/
ml respectively. Similarly using untreated NCI-H1299, cells treated with NTSR1 siRNA and
cells treated with control siRNA, the IC50 values for SR48692 to inhibit proliferations were
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26 µg/ml, >40 µg/ml and 21 µg/ml respectively (Fig. 1D). The results indicate that NTSR1
knock-down significantly impairs the growth inhibitory potency of SR48692 in NSCLC
cells.

NTSR1 knock-down and EGFR transactivation
The mechanism by which SR48692 inhibited the growth of NSCLC cells was investigated.
By Western blot, the EGFR is present on A549 and NCI-H1299 cells. Fig 2A shows that
NTS (100 nM) addition to NCI-H1299 cells, increased significantly phosphorylation of the
EGFR to 311%. Addition of NTS plus 0.5 ug/ml SR48692 significantly increased EGFR
tyrosine phosphorylation to 193% (Fig. 2E). Similarly addition of 100 nM NTS to A549
cells increased significantly EGFR tyrosine phosphorylation to 248% (Fig 2C). Addition of
NTS plus 0.5 µg/ml SR48692 to A549 cells significantly increased EGFR tyrosine
phosphorylation to 132% (Fig. 2G). The results indicate that SR48692 significantly inhibits
the EGFR transactivation caused by NTS addition to untreated NCI-H1299 or A549 cells.

The effects of NTSR1 knock-down on EGFR transactivation were investigated. NTS (100
nM) addition to NCI-H1299 cells treated with siRNA for NTSR1 increased EGFR tyrosine
phosphorylation significantly to 211% (Fig.2B). Addition of NTS plus 0.5 µg/ml SR48692
significantly increased EGFR transactivation to 179% (Fig. 2F). The results indicate that
SR48692 did not significantly alter the ability of NTS to increase EGFR transactivation
using NCI-H1299 cells treated with siRNA-NTSR1. As controls, siRNA for NTSR1 had
little effect on total EGFR or tubulin. Addition of 100 nM NTS to A549 cells treated with
siRNA to NTSR1 increased EGFR tyrosine phosphorylation to 155% (Fig. 2D). Addition of
NTS and 0.5 µg/ml SR48692 to NCI-H1299 cells treated with siRNA NTSR1 increased
EGFR transactivation significantly to 135% (Fig.2H). SR48692 did not significantly alter
the ability of NTS to cause EGFR transactivation in A549 cells treated with siRNA to
NTSR1. The results indicate that treatment of NCI-H1299 cells of A549 cells with siRNA-
NTSR1 reduces the EGFR transactivation stimulation caused by addition of NTS and
impairs the inhibition caused by addition of SR48692.

Effect of SR48692 or gefitinib dose on EGFR and ERK tyrosine phosphorylation
The dose-response curve of SR48692 to inhibit EGFR or ERK tyrosine phosphorylation was
investigated in untreated NCI-H1299 cells. Figure 3A shows that 1 µg/ml SR48692
moderately and 10 µg/ml SR48692 strongly inhibited the increase in EGFR tyrosine
phosphorylation caused by the addition of 100 nM NTS to NCI-H1299 cells. In contrast,
SR48692 had no effect on basal P-EGFR. Fig. 3B shows that NTS addition to NCI-H1299
cells significantly increased EGFR tyrosine phosphorylation by 392% and this increase was
significantly inhibited by 1 µg/ml SR48692 (p < 0.05) and 10 µg/ml SR48692 (p < 0.01).
SR48692 (10 µg/ml) by itself had little effect on total EGFR or ERK. Addition of 100 nM
NTS to NCI-H1299 cells significantly increased ERK tyrosine phosphorylation by 186%
(Fig. 3C). Similarly, 1 µg/ml SR48692 (p < 0.05) and 10 µg/ml SR48692 (p < 0.01)
significantly inhibited the ability of NTS to increase ERK tyrosine in NCI-H1299 cells (Fig.
3D). These results suggest that the NTSR1 regulates EGFR and ERK tyrosine
phosphorylation in lung cancer cells.

The ability of gefitinib to inhibit EGFR and ERK tyrosine phosphorylation was investigated.
Figure 4A shows that using NCI-H1299 cells 1 or 10 µg/ml, but not 0.1 µg/ml gefitinib,
impaired the ability of NTS to cause EGFR transactivation. In contrast, gefitinib had no
effect on total EGFR. Figure 4B shows that NTS increased EGFR tyrosine phosphorylation
by 346% and the increase caused by NTS was reduced significantly by 1 µg/ml gefitinib (p
< 0.05) and 10 µg/ml gefitinib ((p < 0.01), whereas 0.1 µg/ml gefitinib had little effect.
Figure 4C shows that addition of 100 nM NTS to NCI-H1299 cells increased ERK tyrosine
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phosphorylation which was inhibited by 10 µg/ml gefitinib. NTS increased ERK tyrosine
phosphorylation by 226% and the increase was significantly inhibited by 10 µg/ml gefitinib
(p < 0.01), but not 1 µg/ml gefitinib (Fig. 4D). The MEK inhibitor PD98059 inhibited the
ability of NTS to increase ERK, but not EGFR tyrosine phosphorylation (data not shown).
These results indicate that the NTS tyrosine phosphorylation of ERK is downstream from
that of the EGFR.

TGFα and EGFR transactivation
The ligand which causes EGFR transactivation was investigated. Figure 4E shows that NTS
addition to NCI-H1299 cells increased EGFR tyrosine phosphorylation which was altered by
anti-transforming growth factor (TGFα) not altered by anti-amphiregulin (Amph) or anti-
heparin binding-EGF (HB-EGF). NTS increased EGFR tyrosine phosphorylation by 351%
which was significantly inhibited by anti-transforming growth factor (TGF)-α (p < 0.05) but
not anti-amphiregulin or anti-HB-EGF (Fig. 4F). NTS significantly increased by 550% the
secretion rate of TGFα from NCI-H1299 cells (Table II). In contrast, GM6001, a matrix
metalloprotease (MMP) inhibitor reversed the TGFα secretion caused by NTS addition to
NCI-H1299 cells. These results suggest that prepro-TGFα is metabolized by MMP in lung
cancer cells to biologically active TGFα.

Mechanisms of EGFR transactivation
To further investigate the cellular signaling involved in EGFR transactivation, various
inhibitors were used. Figure 5A shows that Tiron, a superoxide scavenger, in a dose-
dependent manner inhibited the ability of NTS to increase EGFR tyrosine phosphorylation
caused by the addition of NTS to NCI-H1299 cells. Fig. 5B shows that NTS addition to
NCI-H1299 cells increased EGFR tyrosine phoshorylation by 381% and this increase was
significantly inhibited by 10 mM but not 1 mM Tiron. NTS and H2O2 significantly
increased reactive oxygen species (ROS) in NCI-H1299 cells by 27% and 66%, respectively
(Table III). The increase in ROS caused by addition of NTS to NCI-H1299 cells was
significantly inhibited by the addition of Tiron to NCI-H1299 cells. These results indicate
that NTSR1 regulation of EGFR transactivation is dependent upon ROS.

Also, GM6001, which inhibits MMP, impaired the ability of NTS to cause EGFR tyrosine
phosphorylation (Fig 5C). Figure 5D shows that NTS increased EGFR tyrosine
phosphorylation by 378% which was inhibited significantly by GM6001. These data suggest
that NTS causes EGFR transactivation in lung cancer cells in a MMP-dependent manner.

Figure 6A shows that 2 min after the addition of NTS to NCI-H1299 cells, EGFR, PYK-2,
Src and β-catenin tyrosine phosphorylation increased significantly. As a control, NTS had no
effect on tubulin. Fig. 6B shows that NTS significantly increased EGFR, PYK-2, Src and β-
catenin tyrosine phosphorylation by 366%, 266%, 292% and 183%, respectively. Addition
of the PLC inhibitor U73122, but not the PKA inhibitor H89, significantly inhibited the
ability of NTS to cause tyrosine phosphorylation of the EGFR, PYK-2, Src and β-catenin.
Addition of BAPTA, which reduces cytosolic Ca2+, impaired the ability of NTS to cause
tyrosine phosphorylation of PYK-2 but not the phosphorylation of the EGFR, Src or β-
catenin. The results show that NTS addition to NSCLC cells increases EGFR, PYK-2, Src
and β-catenin tyrosine phosphorylation in a PLC but not PKA dependent manner. Further
NTS causes PYK-2 tyrosine phosphorylation in a Ca-2+ dependent manner.

Gefitinib and SR48692 inhibit NSCLC proliferation
The ability of SR48692 and gefitinib to inhibit the growth of NCI-H1299 cells was
investigated. SR48692 and gefitinib reduced significantly NCI-H1299 proliferation in the
clonogenic assay (Table IV). SR48692 and gefitinib moderately inhibited NCI-H1299
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colony formation alone, however, when combined SR48692 and gefitinib strongly reduced
colony number. NTS (10 nM) significantly increased colony number. The increase in colony
number caused by NTS was inhibited by SR48692 and/or gefitinib.

Discussion
NSCLC patients are treated traditionally with combination chemotherapy, however, the 5
year patient survival rate is only 16%. EGFR tyrosine kinase inhibitors have been approved
for treating NSCLC patients who fail chemotherapy (Lynch et al., 2004; Paez et al., 2004).
EGFR mutations of the ATP binding site are associated with patient response to EGFR
tyrosine kinase inhibitors (Helfrich et al., 2006). Approximately 88% of the NSCLC
patients, however, have wild type EGFR with reduced sensitivity to gefitinib, suggesting the
need for new therapeutic approaches.

NTS is synthesized in, secreted from and binds with high affinity to SCLC cells (Moody et
al., 1985). Because NTS stimulated and SR48692 inhibited the growth of SCLC cells in
vitro and in vivo, NTSR1 may regulate the proliferation of SCLC cells (Moody et al., 2001).
In this communication, NTS binds with high affinity to NSCLC cells and specific NTS
binding is inhibited with high affinity by NTS, NTS8–13, Ac-NTS8–13 and SR48692, but not
levocabastine. By Western blot a major 55 KDal band of NTSR1 immunoreactivity was
present in extracts derived from NCI-H1299 and A549 cells. Treatment of NCI-H1299 and
A549 cells with siRNA-NTSR1 but not siRNA control reduced the NTSR1 by
approximately 50% but had little effect on total EGFR or tubulin. Further siRNA-NTSR1,
but not siRNA-control, reduced the growth inhibitory potency of SR48692 on NCI-H1299
and A549 cells. Routinely, 0.5 µg/ml SR48692 patially inhibited the EGFR transactivation
caused by the addition of 100 nM NTS to lung cancer cells, whereas 10 µg/ml SR48692
completely inhibited the increase in EGFR and ERK tyrosine phosphorylation of the EGFR
and ERK caused by the addition of NTS to lung cancer cells for 2 min. The ability of
SR48692 to inhibit NSCLC growth may be a function of NTSR1 density.

Recent crystal structure studies indicate that NTS8–13 binds to the NTSR1 perpendicular to
the membrane plane with the C-terminus oriented toward the receptor core (White et al.,
2012). The activated NTSR1 interacts with a guanine nucleotide binding subunit (Gq)
leading to PI turnover (Moody et al., 2003). PI metabolites cause elevation of cytosolic Ca2+

within seconds after addition of NTS to NSCLC cells and PKC activation (Jensen and
Moody, 2006). The metabolism of PI can be impaired by the phospholipase C inhibitor
U73122, but not the PKA inhibitor H89. In our studies, U73122 but not H89, inhibited the
ability of NTS to cause tyrosine phosphorylation of the EGFR, Src, PYK-2 and β-catenin
demonstrating their activation was dependent on NTS stimulated PLC activation. BAPTA,
which reduces cytosolic Ca2+, impaired the ability of NTS to cause PYK-2 but not EGFR,
Src or β-catenin tyrosine phosphorylation in lung cancer cells demonstrating that PYK-2
activation is different from EGFR, Src or β-catenin. In prostate cancer cells, NTS increased
tyrosine phosphorylation of c-Src, Stat5b and the EGFR (Amorino et al., 2007). Using PC-3
cells, NTS slowly increased phosphorylation of Y845 of the EGFR or Y419 of Src after 60
min. In our studies, 2 min after addition of NTS to NSCLC cells, phosphorylation of the
EGFR, ERK, and Src rapidly increased demonstrating that NTS-mediated EGFR activation
can vary in different cells.

Src interacts with FAK and/or PYK-2 causing their tyrosine phosphorylation. NTS addition
to NSCLC cells causes increased FAK phosphorylation which is inhibited by SR48692
(Leyton et al., 2002). FAK is a 125 kDal non-receptor tyrosine kinase which is structurally
related to the 116 kDal PYK-2, which is activated by an increase in cytoplasmic Ca2+. FAK
and PYK-2 have a central catalytic domain flanked by an N-terminal which has SH2- and
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SH3-binding sites and a C-terminal which contains two proline-rich domains (Hall et al.,
2011). PYK-2 is expressed at high levels in 62% of the NSCLC tumors and higher
expression of PYK-2 was associated with NSCLC metastasis form the lung to the lymph
node (Zhang et al., 2008). PYK-2 is present in several NSCLC cell lines including NCI-
H1299 and A549. The role of FAK or PYK-2 in the proliferation of NSCLC cells remains to
be determined.

When β-catenin is phosphorylated it dissociates from E-cadherin, redistributes to the nucleus
and the forms a transcriptionally active β-catenin/TCF complex. The NTSR1 gene is a target
of Wnt/APC associated with the β-catenin/Tcf transcriptional complex (Souaze et al., 2006).
Thus increased tyrosine phosphorylation of β-catenin may lead to increased expression of
NTSR1 resulting in cancer proliferation.

The MMP inhibitor GM6001 reduced the phosphorylation of the EGFR caused by NTS
addition to lung cancer cells. GM6001 may inhibit lung cancer MMP activity leading to
reduced secretion of TGFα from lung cancer cells. NTS addition to NCI-H1299 cells
increased TGFα in conditioned media by 550% and the increased secretion was reversed by
GM6001. Furthermore, antibodies to TGFα, but not amphiregulin or heparin binding growth
factor impaired the ability of NTS to cause EGFR transactivation. These results suggest that
NTSR1 regulates matrix metalloprotease to convert prepro-TGFα into biologically active
TGFα which binds with high affinity to the EGFR causing phosphorylation of Tyr1068.
Endothelin addition to ovarian cancer cells caused Y654 phosphorylation of β-catenin and
dissociation from E-cadherin complexes. The activated β-catenin localized to the nucleus
altering Tcf activity. Activation of the Tcf transcriptional complex increases expression of
MMP genes, resulting in increased invasion behavior of tumor cells (Cianfrocca et al.,
2012).

The activated NTSR1 mediates EGFR transactivation that is dependent on generation of
reactive oxygen species. The transactivation of the EGFR caused by NTS addition to
NSCLC cells is reversed by tiron. Furthermore, we found an increase in reactive oxygen
species caused by NTS addition to NSCLC cells that was reversed by tiron. Previously it
was shown that the endothelin 1 receptor regulates oxidation of cysteine amino acid residues
in the catalytic Src homology 2-containing tyrosine phosphatase, which reduces phosphatase
enzymatic activity (Cheng-Hsien et al., 2006). It remains to be determined if NTS addition
to lung cancer cells alters phosphatase activity.

Using the clonogenic assay, 3 µg/ml SR48692 significantly reduced NCI-H1299 colony
number. Furthermore the growth inhibitory effects of SR48692 were reversed by NTS.
Gefitinib (1 µg/ml) moderately reduced, whereas gefitinib plus SR48692 strongly reduced
NCI-H1299 colony number. The concentration of gefitinib used here is similar to the plasma
level found in patients (0.5 µg/ml) 4 hours after injection of 250 mg of gefitinib (Faivre et
al., 2011). SR48692 does not inhibit all NSCLC proliferation because SR48692 blocks the
EGFR transactivation caused by NTS, but has no effect on EGFR transactivation caused by
other endogenous growth factors such as bombesin (BB)-like peptides or pituitary adenylate
cyclase activating polypeptide (PACAP) (Moody et al, 2010, 2012). In contrast, gefitinib
blocks the RTK downstream from the GPCR.
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Summary

SR48692, a NTSR1 antagonist, decreases the proliferation of NSCLC cells in an EGFR-
dependent manner. Knock-down of the NTSR1 decreases the growth inhibitory and
EGFR transactivation effects of SR48692 on NSCLC cells. Using untreated NSCLC
cells, the ability of NTS to increase EGFR transactivation is inhibited by gefitinib or
SR48692. The proliferation of NSCLC cells is inhibited by gefitinib or SR48692 in vitro,
however their combination has enhanced activity. It remains to be determined if the
potency of gefitinib in NSCLC cells with wild type EGFR may be increased in vivo,
using GPCR antagonists such as SR48692.
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Fig. 1.
NTSR1 siRNA. By Western blot, siRNA-NTSR1 but not siRNA-control (Cont) decreased
NTSR1 but not tubulin in (A) A549 and (B) NCI-H1299 cells. This experiment is
representative of 3 others. Using the MTT assay the ability of varying concentrations of
SR48692 to inhibit the proliferation of (C) A549 and (D) NCI-H1299 cells was investigated.
The mean value ± S.D. of 8 determinations is indicated; p < 0.05, *; for siRNA-NTSR1
relative to untreated or siRNA-Cont. treated cells by ANOVA. This experiment is
representative of 2 others.
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Fig. 2.
EGFR transactivation. The ability of 100 nM NTS and 0.5 µg/ml SR48692 to alter EGFR
tyrosine phosphorylation of Tyr1068 was investigated in untreated NCI-H1299 cells (A) and
siRNA-NTSR1 treated NCI-H1299 (B) cells. As controls, total EGFR and tubulin were not
affected by siRNA-NTSR1. The mean value ± S.D. of 3 determinations is indicated using
NCI-H1299 untreated cells (E) and cells treated with siRNA-NTSR1 (F); p < 0.01, **; p <
0.05, * relative to Lane 1, p < 0.05, a relative to lane 2. The ability of 100 nM NTS and 0.5
µg/ml SR48692 to alter EGFR tyrosine phosphorylation of Tyr1068 was investigated in
untreated NCI-A549 cells (C) and siRNA-NTSR1 treated A549 (D) cells was investigated.
As controls, total EGFR and tubulin are provided. The mean value ± S.D. of 3
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determinations is indicated using A549 untreated cells (G) and cells treated with siRNA-
NTSR1 (H); p < 0.01, **; p < 0.05, * relative to Lane 1, p < 0.05, a relative to lane 2 by
ANOVA.
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Fig. 3.
Inhibition of EGFR and ERK tyrosine phosphorylation by SR48692. (A) The ability of NTS
to increase EGFR or ERK tyrosine phosphorylation was investigated as a function of
SR48692 (SR) concentration using NCI-H1299 cells. The P-EGFR and total EGFR is
shown. (B) The mean value ± S.D. of 3 experiments is indicated; p < 0.01, ** relative to
control; p < 0.05, a, p < 0.01, aa relative to NTS by ANOVA. (C) The ability of NTS
addition to NCI-H1299 cells to cause ERK tyrosine phosphorylation was investigated using
1 or 10 µg/ml SR48692. (D) The mean values ± S.D. of 3 experiments is indicated; p < 0.01,
** relative to control; p < 0.05, a; p < 0.01, aa relative to NTS by ANOVA.
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Fig. 4.
Inhibition of EGFR and ERK tyrosine phosphorylation by gefitinib. (A) The ability of NTS
to caused EGFR tyrosine phosphorylation was investigated as a function of gefitinib
concentration using NCI-H1299 cells. The P-EGFR and total EGFR is shown. (B) The mean
value ± S.D. of 4 determinations is indicated; p < 0.01, ** relative to control; p < 0.05a; p <
0.01, aa relative to NTS by ANOVA. (C) ERK tyrosine phosphorylation was determined
after addition of 100 nM NTS to NCI-H1299 cells in the absence or presence of 1 or 10 µg/
ml gefitinib. The P-ERK and total ERK are shown. (D) The mean value ± S.D. of 3
experiments is indicated; p < 0.01 relative to control, **; p < 0.01 relative to 100 nM NTS; p
< 0.05, a; p < 0.01, aa by ANOVA. (E) The increase in EGFR transactivation caused by
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addition of 100 nM NTS to NCI-H1299 cells was inhibited by 5 µg/ml anti-TGFα but not
anti-HB-EGF or anti-amphiregulin (Amph). The P-EGFR and total EGFR are shown. (F)
The mean value ± S.D. of 4 experiments is indicated; p < 0.05, *; p , 0.01, ** relative to
control; p < 0.05, a; p < 0.01, aa relative to 100 nM NTS by ANOVA.
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Fig. 5.
Inhibition of EGFR transactivation by tiron and GM6001. (A) The increase in EGFR
tyrosine phosphorylation caused by NTS was investigated as a function of Tiron (Tir)
addition to NCI-H1299 cells. (B) The mean value ± S.D. of 4 experiments is indicated; p <
0.05, *; p < 0.01, **. (C) Ten µM GM6001 inhibited EGFR tyrosine phoshorylation caused
by addition of 100 nM NTS to NCI-H1299 cells. (D) The mean value ± S.D. of 3
experiments is indicated; p < 0.05, *; p < 0.01, ** by ANOVA.
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Fig. 6.
NTS causes phosphorylation of EGFR, Src, PYK-2 and β-catenin. (A) NCI-H1299 cells
were treated with BAPTA, H89 or U73122 for 30 min and 100 nM NTS added for 2 min.
Protein tyrosine phosphorylation was determined for EGFR, PYK-2, Src and β-catenin.
Also, total tubulin is indicated. (B) The mean value ± S.D. of 4 determinations is indicated;
p < 0.05, *; p < 0.01, ** relative to control by ANOVA.
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Table I

NTS ligands

Addition IC50, nM % EGFR transactivation

NTS 4 ± 1 367 ± 31**

NTS8–13 10 ± 2 282 ± 24**

Ac-NTS8–13 7 ± 1 330 ± 28**

NT1–8 >2000 105 ± 7

SR48692 205 ± 31 95 ± 8

Gefitinib >2000 98 ± 6

Levocabastine >2000 102 ± 5

The ability of ligands to half-maximally (IC50) inhibit specific 125I-Tyr3-NTS binding to NCI-H1299 cells was determined at 37°C. The % EGFR

tyrosine phosphorylation was determined 2 min after the addition of 100 nM of the indicated compound to NCI-H1299 cells. The mean value ±
S.D. of 4 determinations is shown;

p < 0.01, ** by ANOVA.

The NTS structure is:
Pyr-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu
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Table II

TGFα release from NSCLC cells.

Addition TGFα (pg/ml)

None 8 ± 2

NTS (100 nM) 44 ± 7**

NTS + GM6001 (10 µM) 9 ± 3

NCI-H1299 cells were treated with 100 nM NTS for 5 min and the supernatant removed and assayed for immunoreactive TGFα. The mean value ±
S.D. of 3 determinations is indicated;

**
, p < 0.01 by ANOVA.
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Table III

Reactive oxygen species.

Addition Relative fluorescence

None 100 ± 3

NTS (100 nM) 127 ±8**

NTS + Tiron (5 mM) 99 ± 4

H2O2 166 ± 16**

NCI-H1299 cells were treated with 100 nM NTS for 15 min and the relative fluorescence determined. The mean value ± S.D. of 8 determinations is
indicated;

**
, p < 0.01 by ANOVA.
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Table IV

Clonal growth of NCI-H1299 cells

Addition Colony number

None 21 ± 3

Gef, 1 µg/ml 13 ± 2*

SR48692 3 µg/ml 10 ± 5*

SR48692 + Gef 5 ± 1**

NTS, 10 nM 37 ± 5**

NTS + Gef 25 ± 4

NTS + SR48692 22 ± 2

NTS + Gef + SR 15 ± 2*

The ability of gefitinib (Gef), SR48692 (SR) and NTS to alter NCI-H1299 colony number was determined. The mean colony number ± S.D. of 3
determinations each repeated in triplicate is indicated;

p < 0.05; *;

p < 0.01; ** relative to no addition by ANOVA.
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