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Abstract
The effects of bombesin receptor subtype-3 (BRS-3) agonists were investigated on lung cancer
cells. The BRS-3 agonist (DTyr6, βAla11, Phe13, Nle14)bombesin6-14 (BA1), but not gastrin
releasing peptide (GRP) or neuromedin B (NMB) increased significantly the clonal growth of
NCI-H1299 cells stably transfected with BRS-3 (NCI-H1299-BRS-3). Also, BA1 addition to NCI-
H727 or NCI-H1299-BRS-3 cells caused Tyr1068 phosphorylation of the epidermal growth factor
receptor (EGFR). Similarly, (DTyr6, R-Apa11, Phe13, Nle14)bombesin6-14 (BA2) and (DTyr6, R-
Apa11, 4-Cl,Phe13, Nle14)bombesin6-14 (BA3) but not gastrin releasing peptide (GRP) or
neuromedin B (NMB) caused EGFR transactivation in NCI-H1299-BRS-3 cells. BA1-induced
EGFR or ERK tyrosine phosphorylation was not inhibited by addition of BW2258U89 (BB2R
antagonist) or PD168368 (BB1R antagonist) but was blocked by (DNal-Cys-Tyr-DTrp-Lys-Val-
Cys-Nal)NH2 (BRS-3 ant.). The BRS-3 ant. reduced clonal growth of NCI-H1299-BRS-3 cells.
BA1, BA2, BA3 and BRS-3 ant. inhibit specific 125I-BA1 binding to NCI-H1299-BRS-3 cells
with an IC50 values of 1.1, 21, 15 and 750 nM respectively. The ability of BRS-3 to regulate
EGFR transactivation in NCI-H1299-BRS-3 cells was reduced by AG1478 or gefitinib (EGFR
tyrosine kinase inhibitors), GM6001 (matrix metalloprotease inhibitor), PP2 (Src inhibitor), N-
acetylcysteine (anti-oxidant), Tiron (superoxide scavenger) and DPI (NADPH oxidase inhibitor).
These results demonstrate that BRS-3 agonists may stimulate lung cancer growth as a result of
EGFR transactivation and that the transactivation is regulated by BRS-3 in a Src-, reactive oxygen
and matrix metalloprotease-dependent manner.
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1. Introduction
Three G-protein coupled receptors (GPCR) comprise the mammalian bombesin (BB)
receptor family of peptides including the BB1 receptor [46], which binds neuromedin B
(NMB) with high affinity, the BB2 receptor [1, 41], which binds gastrin releasing peptide
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(GRP) with high affinity and the orphan receptor bombesin receptor subtype-3 (BRS-3).
BRS-3 contains 399 amino acids and has 51% and 47% sequence homology with BB2R and
BB1R respectively [8]. While no endogenous ligands have been identified for BRS-3, it
binds the synthetic BB analog (D-Tyr6, β-Ala11, Phe13, NLeu14)BB6-14 (BA1) with high
affinity [29,36]. Because BRS-3 does not bind BB, GRP or NMB with high affinity, it has a
unique pharmacological profile. Recently a synthetic somatostatin analog, (DNal-Cys-Tyr-
DTrp-Lys-Val-Cys-Nal)NH2 (BRS-3 ant.), was identified as a BRS-3 antagonist and
(DTyr6, R-Apa11, Phe13, Nle14)bombesin6-14 (BA2) and (DTyr6, RApa11, 4-Cl,Phe13,
Nle14)bombesin6-14 (BA3) were characterized as selective BRS-3 agonists [13]. Even
though the endogenous ligand for BRS-3 is unknown, synthetic agonists and antagonists are
available to characterize BRS-3.

Because knockout BRS-3 mice developed obesity and diabetes, BRS-3 may be important in
the regulation of energy homeostasis [34]. Also BRS-3 knockout mice are hypertensive,
have a reduced metabolic rate, 2-fold increase in plasma insulin and a 5-fold increase in
serum leptin [30]. This has led to the investigation of BRS-3 agonists as anti-obesity agents
[15].

An additional area of interest is the role of BB agonists as regulators of neoplastic
proliferation [3, 5, 11, 19]. BRS-3 is present in many human tumors including small cell
lung cancer (SCLC) and non-SCLC (NSCLC), lung carcinoids, renal cell cancers, Ewing
sarcomas, pancreatic cancer, ovarian cancer and prostate cancer [37]. Addition of BA1 to
NCI-N417 cells enhanced cellular adhesion [17]. While it is not known if BRS-3 activation,
similar to BB1R or BB2R activation [18], results in tumor growth, BRS-3 causes
proliferation of normal bronchiolar epithelial cells [42]. Like BRS-3, BB1R and BB2R are
present in many lung cancer cells [6, 9, 21, 33, 45] Similar to BB1R or BB2R signal
transduction, BRS-3 activation stimulates phospholipase C [38], ERK tyrosine
phosphorylation, Elk-1 and c-fos expression [48].

In addition to BBR, non-small cell lung cancer (NSCLC) cells have high levels of tyrosine
kinase receptors such as epidermal growth factor receptor (EGFR) [32]. The EGFR can be
activated directly by agonists such as transforming growth factor α (TFG α) [7].
Alternatively the EGFR can be regulated by GPCR such as the BB1R or BB2R [18, 19, 31].
Recent studies show activation of the BB2R regulates the rapid tyrosine phosphorylation of
the EGFR and ERK by stimulating matrix metalloproteases to release TGFα and
amphiregulin from head and neck cancer cells, by a Src-dependent mechanism [24, 44, 52].
Transactivation of the EGFR due to BB2R activation occurs in a number of head/neck, lung
and prostate cancer cells [24, 49, 51], as well as a number of other BB2R-containing cells
[40]. The EGFR transactivation regulated by BB1R or BB2R may be important in the
proliferation of cancer cells.

In this study we found that BRS-3 agonists stimulated the proliferation of lung cancer cells.
BRS-3 activation by (DTyr6, βAla11, Phe13, Nle14)bombesin6-14 (BA1) increased Tyr1068

phosphorylation of the EGFR in lung cancer cells. Similarly, (DTyr6, R-Apa11, Phe13,
Nle14)bombesin6-14 (BA2) and (DTyr6, R-Apa11, 4-Cl,Phe13, Nle14)bombesin6-14 (BA3) but
not GRP or NMB caused EGFR transactivation in NCI-H1299-BRS-3 cells. BA1-induced
EGFR or ERK tyrosine phosphorylation was not inhibited by addition of BW2258U89
(BB2R antagonist) or PD168368 (BB1R antagonist) but was blocked by (DNal-Cys-Tyr-
DTrp-Lys-Val-Cys-Nal)NH2 (BRS-3 ant.). Also, BRS-3 ant. inhibited the proliferation of
lung cancer cells. These results suggest that BRS-3 may regulate lung cancer growth
through EGFR transactivation.
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2. Materials and Methods
2.1 Cell culture

NSCLC NCI-H1299 or NCI-H727 cells, which are known to contain BRS-3 and wild type
EGFR [9], were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium
containing 10% heat-inactivated fetal bovine serum (FBS; Invitrogen, Grand Island, NY).
NCI-H1299; the cancer cells had approximately 1000 BRS-3/cell. Balb-3T3 cells stably
transfected with BRS-3 (NCI-H1299-BRS-3 and Balb/3T3-BRS-3) were cultured in RPMI
1640 containing 10% FBS supplemented with 300 mg/l G418 sulfate (Sigma-Aldrich, St.
Louis, MO); Balb/3T3 cells have EGFR [14]; the transfected cells had approximately 50,000
BRS-3/cell. As a control, Balb/3T3 cells which lack BRS-3 were cultured in DMEM
containing 10% FBS. The cells were split weekly 1/20 with
trypsinethylenediaminotetraacetic 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.

2.2. Receptor binding
BA1, which binds with high affinity to all human BB receptors, was radiolabeled using
iodogen and HPLC purified as reported previously [28]. The ability of BRS-3 ligands to
inhibit specific 125I-BA1 binding to NCI-H1299-BRS-3 cells (80,000 BRS-3/cell) was
investigated. GRP, NMB and BB were purchased from Phoenix Pharmaceuticals, Belmont,
CA. BW2258U89 was a gift from Dr. J. McDermed and PD168368 was a gift from Dr. J.
Hughes. The NCI-H1299-BRS-3 cells were washed 3 times in SIT medium (RPMI-1640
containing 3 × 10-8 M sodium selenite, 5 μg/ml bovine insulin and 10 μg/ml transferrin
(Sigma-Aldrich, St. Louis, MO)). The cells were incubated in SIT buffer containing 0.25%
bovine serum albumin and 250 μg/ml bacitracin (Sigma-Aldrich, St. Louis, MO) and 125I-
BA1 (100,000 cpm) added as well as various concentrations of unlabelled competitor. After
incubation at 37°C for 30 min, free 125I-BA1 was removed by washing 3 times in buffer and
the cells which contained bound 125I-BA1 dissolved in 0.2 N NaOH and counted in a
gamma counter. The half-maximal inhibitory concentration (IC50) was calculated for each
unlabeled competitor.

2.3. Western Blot
The ability of BA1 to stimulate tyrosine phosphorylation of EGFR or ERK (p42/p44 MAP
kinase) was investigated by Western blotting. NCI-H1299-BRS-3, Balb/3T3/BRS-3 or NCI-
H727 cells were cultured in 15 cm dishes. When a monolayer of cells formed they were
placed in SIT media for 3 hours. Routinely, cells were pre-treated with gefitinib, GM6001,
PP2, N-acetylcysteine, Tiron or diphenylene iodonium (DPI, Sigma-Adrich, St. Louis, MO)
for 30 min. Then cells were treated with 100 nM BA1 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 10000 × g for 15 min. Protein concentration was measured using
the BCA reagent (Pierce Chemical Co., Rockford, IL), and 400 μg of protein was incubated
with 4 μg of anti-phosphotyrosine (PY) monoclonal antibody, 4 μg of goat anti-mouse
immunoglobulin IgG and 30 μl of immobilized protein G (Pierce Chemical Co., 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
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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 or anti-tubulin (Cell Signaling Technologies, Danvers,
MA).

2.4 Proliferation assays
In the 3H-Thymidine assay, Balb/3T3-BRS-3 cells, which can rest in Go growth phase, were
trypsinized and 50,000 cells placed in 24 well plates containing DMEM with 10% fetal
bovine serum and 0.3 mg/ml G418 sulfate. After 3 days, the confluent cells were placed in
DMEM containing 30 mM sodium selenite, 5 μg/ml insulin and 10 μg/ml transferin and
varying concentrations of BA1 in the presence or absence of BRS-3 ant. After 24 hr the cells
were incubated with 3H-Thymidine (106 cpm/ml) for 3 hr. The 24 well plates were washed 3
times with 1 ml of PBS. The cells were treated with 0.2 N HCl (0.25 ml) and the solution
placed in a scintillation vial. The cells were treated with 0.2 N NaOH (0.25 ml) and added to
the scintillation vial. Then 10 ml of scintillation fluid were added to the vial and after
shaking, the vial was counted in a β-counter.

In the clonogenic assay, NCI-H1299-BRS-3 cells, which cannot rest in Go growth phase,
were treated with BA1 in the presence or absence of BRS-3 ant. or gefitinib (Tocris
Bioscience, Ellisville, MO). 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, gefitinib, BRS-3 ant. or BA1 as well as 5 × 104 NCI-H1299-BRS3 cells.
Triplicate wells were plated and after 2 weeks, 1 ml of 0.1% p-iodonitrotetrazolium violet
(Sigma-Aldrich, 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.

In the 3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyl-2H-tetrazolium bromide (MTT) assay,
Balb/3T3 or Balb/3T3-BRS-3 cells (104/well) were placed in SIT medium and 10 nM BA1,
10 uM PD98059, or 30 ug/ml gefitinib added. After 16 hours, 15 μl of 0.1 % MTT solution
added. After 3 hours, 150 μl of dimethylsulfoxide was added. The optical density at 570 nm
was determined.

3. Results
3.1 BRS-3 agonists stimulate and antagonists inhibit proliferation

The effects of BRS-3 agonists and antagonists on cellular proliferation were investigated.
Table I shows that addition of 10 nM BA1, but not GRP or NMB, increased significantly
NCI-H1299-BRS-3 colony number. The increase in NCI-H1299-BRS-3 colony number
caused by BA1 was reversed by 3 or 10 μg/ml but not 0.3 or 1 μg/ml gefitinib. BRS-3 ant.
decreased significantly NCI-H1299-BRS-3 colony number. In contrast, NCI-H727 cells,
Balb/3T3-BRS-3 cells or Balb/3T3 cells did not form colonies (data not shown).
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Fig. 1A shows that BA1 caused increase 3H-thymidine uptake in Balb/3T3-BRS-3 cells in a
dose-dependent manner. BA1, 0.01 nM, had little effect whereas 100 nM BA1 maximally
increased 3H-thymidine uptake; the IC50 value was 0.3 nM. BRS-3 ant., 10 μM, shifted the
BA1 dose-response curve to the right with an IC50 value of 5 nM. In contrast BA1 did not
stimulate 3H-thymidine uptake in Balb/3T3 cells (data not shown).

Figure 1B shows that gefitinib addition to NCI-H1299-BRS-3 cells reduced colony number
in a dose-dependent manner. BRS-3 ant. shifted the gefitinib dose-response curve to the left,
resulting in an increase of gefitinib cytotoxicity. The results show that BA1 increases the
proliferation of BRS-3 containing cells, whereas gefitinib and BRS-3 ant. reduces
proliferation.

Table II shows that using the MTT assay, 10 nM BA1 stimulated significantly the growth of
Balb/3T3-BRS-3 but not control Balb/3T3 cells. Because each of the cell lines have EGFR,
10 μg/ml gefitinib significantly inhibited proliferation in the absence or presence of BA1.
BRS-3 ant. inhibited the growth of Balb/3T3-BRS-3 but not Balb/3T3 cells (data not
shown).

3.2 BRS-3 agonists but not antagonists increase EGFR tyrosine phosphorylation
The ability of BB analogues to cause transactivation of the EGFR was investigated. Figure 2
shows that 100 nM BA1, but not GRP or NMB, caused tyrosine phosphorylation of Tyr1068

of the EGFR using NCI-H727 cells (Fig. 2A). Equal amounts of total EGFR were seen in all
lanes. Similar results were obtained with NCI-H1299-BRS-3 cells (Fig. 2B). These results
demonstrate that BRS-3 regulates EGFR tyrosine phosphorylation in lung cancer cells.

The ability of BRS-3 selective agonists and antagonists to alter EGFR transactivation was
investigated. Figure 2C shows that BRS-3 ant. had little effect of basal EGFR tyrosine
phosphorylation. In contrast, BA1, BA2 or BA3 when added to NCI-H1299-BRS-3 cells
increased EGFR tyrosine phosphoryation. Figure 2D shows that the increase in EGFR
tyrosine phosphorylation caused by addition of BA1 to NCI-H1299-BRS-3 cells was
inhibited by BRS-3 ant. but not BW2258U89, a BB2R ant., or PD168368, a BB1R ant.
These results indicate the BA1, BA2 and BA3 are agonists for BRS-3 whereas BRS-3 ant.
blocks BRS-3. Table III shows that BRS-3 ant. inhibited specific 125I-BA1 binding to NCI-
H1299-BRS-3 cells with an IC50 value of 750 nM. BRS-3 agonists such as BA1, BA2 and
BA3 had IC50 values of 1.1, 21 and 15 nM, respectively. In contrast, BB, BW2258U89,
gefitinib, GRP, NMB and PD168368 had IC50 values >2000 nM. These results show that
BRS-3 ant. and BA1, BA2 as well as BA3, but not PD168368 or BW2258U89, interact with
lung cancer BRS-3.

3.3. BRS-3 agonists cause tyrosine phosphorylation of ERK
The ability of BA1 to cause ERK tyrosine phosphorylation was investigated. BA1 addition
to NCI-H1299-BRS-3 cells caused tyrosine phosphorylation of the 170 KDa EGFR
moderately after 0.5 min but strongly after 1 or 2 min (Fig. 3A). Figure 3B shows that BA1
significantly increased EGFR tyrosine phosphorylation 4.5-fold after 2 min. BA1 addition to
NCI-H1299-BRS-3 cells increased phosphorylation of the 42 and 44 KDa ERK after 2 but
not 0.5 or 1 min (Fig 3A). ERK tyrosine phosphorylation was significantly increased 2.8-
fold two min after BA1 addition to lung cancer cells (Fig. 3B). The results indicate that
BRS-3 agonists activate the EGFR and ERK.

3.4 Tyrosine kinase inhibitors block EGFR transactivation
The ability of BRS-3 agonists to cause EGFR transactivation was investigated using the
tyrosine kinase inhibitor gefitinib. Gefitinib at 1 or 10 μg/ml but not 0.1 μg/ml inhibited the

Moody et al. Page 5

Peptides. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ability of BA1 to increase EGFR tyrosine phosphorylation in NCI-H1299-BRS-3 cells (Fig.
3C). BA1 significantly increased EGFR tyrosine phosphorylation 4.7-fold and the increase
caused by BA1 was inhibited significantly by 1 or 10 μg/ml, but not 0.1 μg/ml gefitinib (Fig.
3D). Similarly the tyrosine kinase inhibitor AG1478 blocked EGFR or ERK tyrosine
phosphorylation caused by BA1 (data not shown).

3.5. Other inhibitors of EGFR transactivation
Growth factors such as amphiregulin, EGF, heparin binding-EGF or transforming growth
factor α bind to and activate the EGFR [7]. Src and matrix metalloproteases (MMP) are
essential for release of endogenous TGFα from lung cancer cells and subsequent EGFR
tyrosine phosphorylation [31]. Fig. 4A shows that BA1 addition to NCI-H1299-BRS-3 cells
caused EGFR transactivation, which was inhibited if the cells were pretreated with GM6001
(MMP inhibitor), PP2 (Src inhibitor) or DPI (NADPH oxidase inhibitor). Figure 4B shows
that BA1 addition to NCI-H1299-BRS-3 cells significantly increased EGFR tyrosine
phosphorylation 4-fold whereas the increase caused by BA1 was significantly reversed if
lung cancer cells were pretreated with GM60001, PP2 or DPI. Figure 4C shows that 5 mM
N-acetylcysteine (NAC) or 5 mM Tiron (Tir) reversed the EGFR transactivation of the
EGFR caused by BA1 to NCIH1299-BRS-3 cells. BA1 significantly increased EGFR
tyrosine phosphorylation 3.9-fold and the increase caused by BA1 was significantly
inhibited by NAC or tiron (Fig. 4D). The results suggest that BA1 causes transactivation of
the EGFR in lung cancer cells in a Src-, MMP- and oxygen-dependent manner.

4. Discussion
The EGFR plays a proliferative role in NSCLC. The proliferation of NSCLC cells is
stimulated by EGF or TGFα but is inhibited by the addition of EGFR monoclonal Abs [20,
22]. Recently, EGFR tyrosine kinase inhibitors (erlotininb and gefitinib) were approved for
treating NSCLC patients who fail chemotherapy [16, 25, 35]. EGFR mutations of the ATP
binding site are associated with increased response to EGFR tyrosine kinase inhibitors and a
reduction in tumor size [16, 25, 35]. Approximately 90% of the NSCLC patients, however,
have wild type EGFR with reduced sensitivity to gefitinib suggesting the need for new
treatment modalities.

One area receiving considerable attention is the role of BB-like peptides in stimulating lung
cancer growth in an autocrine manner. High levels of GRP and NMB are present in lung
cancer cell lines [11]. NMB or GRP can be secreted from lung cancer cells and activate
BB1R or BB2R respectively resulting in increased proliferation [3, 21, 33]. PD168368 and
BW2258U89 are BB1R and BB2R antagonists which inhibit the growth of lung cancer cells.
The BB2R antagonist PD176252 was synergistic with the erlotinib at inhibiting the growth
of head and neck squamous carcinoma cells [51]. Recently, the BB1R antagonist PD168368
was found to be synergistic with gefitinib at inhibiting the growth of NSCLC cells [31]. The
results suggest that the activation of the EGFR and BB family of receptors have important
synergistic effects on the growth of some lung cancer cells.

Previously BRS-3 agonists stimulated the proliferation of bronchial epithelial cells [42] and
we demonstrate that BRS-3 agonists increased NSCLC proliferation. BA1 increased the
growth of Balb/3T3-BRS-3 cells but not control Balb/3T3 cells. A general problem with
lung cancer cells, however, is that they have low densities of BRS-3 receptors in addition to
BB1R and/or BB2R (1000/cell). Signals are amplified, however, when the cells are
transfected with BRS-3; NCI-H1299-BRS-3 has 80,000 receptors/cell. BA1 but not GRP or
NMB increased significantly NCI-H1299-BRS-3 colony number. BRS-3 ant. reduced NCI-
H1299-BRS-3 colony number suggesting that NSCLC cells release an endogenous ligand
which activates BRS-3. NCI-H1299-BRS-3 cellular proliferation had little effect upon
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treatment with PD168368 or BW2258U89 (T. Moody, unpublished). Gefitinib reduced the
number of NCI-H1299-BRS-3 colonies in the presence or absence of BA1. BRS-3 ant.
shifted the gefitinib dose-response curve to the left. The results indicate that BA1 stimulates
growth of cells containing BRS-3. BRS-3 ant. addition to NSCLC cells increases gefitinib
cytotoxicity.

Even though the natural ligand for BRS-3 remains unknown, it is possible to study the
effects of BRS-3 using synthetic agonists and antagonists. The agonist BA1 binds with high
affinity to BRS-3 (IC50 = 0.54 nM), however, it also binds with high affinity to human
BB1R and BB2R (IC50 = 7.4 and 0.53 nM) respectively [29]. A related agonist Ac-Phe-Trp-
Ala-His(γBzl)-Nip-Gly-Arg-NH2 was more selective for BRS-3 ( IC50 = 1300 nM) than
BB2R (IC50 = >10000 nM [2, 28]. The BA1 related analog, Ac-Phe-Trp-Ala-His(γBzl)-Nip-
Gly-Arg-NH2, preferred BRS-3 (IC50 = 80 nM) relative to BB2R (IC50 = 2800 nM) [26, 27].
Structure-function studies showed that extracellular domains 2 and 3 were important for
BA3 binding with high affinity to BRS-3. In particular amino acids Val101, Thr106 and
His107 of BRS-3 were important to bind BA3 with high affinity [10]. Leu123, Tyr291 and
Arg316 were important for high affinity binding of BA2 to BRS-3 [12]. The peptoid 16a,
N1-(2-Phenylethyl)-2R)-2-{[(1S)-1-(benzylcarboxamido)ethyl]carboxamido}-3-(1H-3-
indolyl)propanamide, was reported to prefer BRS-3 relative to BB1 or BB2R [47, 50].
Unfortunately, 16a binds to human BRS-3 with low affinity (IC50 = 3160 nM) [39].
Subsequently BA2 and BA3 were described which bound with high affinity to hBRS-3
(IC50 = 2.8-82 nM) and had over 60-fold selectivity for hBRS-3 over hNMBR or hGRPR
[28, 29]. In this communication BA1, BA2 or BA3 but not NMB or GRP addition to NCI-
H1299-BRS-3 cells significantly increased tyrosine phosphorylation of the EGFR. The
transactivation of the EGFR caused by BA1 addition to lung cancer cells was time-
dependent (being maximal at 1 min) and dose-dependent (being maximal at 100 nM BA1).
The results support the hypothesis that BRS-3 regulates EGFR transactivation in lung cancer
cells.

Specific antagonists for BB1R and BB2R exist. PD168368 binds to BB1R, BB2R and BRS-3
transfected Balb 3T3 cells with IC50 values of 0.5, 213 and >10000 nM respectively [13].
BW2258U89 binds to BB1R, BB2R and BRS-3 with IC50 values of 4899, 0.2 and 6820 nM
respectively [13]. Highly selective antagonists have not been developed for BRS-3. The
substance P (SP) analog (D-Arg1, D-Pro2, D-Trp7,9, Leu11) SP and the somatostatin analog
(BRS-3 ant.) antagonize BRS-3 [12, 48]. For Balb/3T3-BRS-3 cells, BB1R or BB2R the
IC50 values for (DNal-Cys-Tyr-DTrp-Lys-Val-Cys-Nal)NH2 are 338, 605 and 4570 nM
respectively. These results indicate that (DNal-Cys-Tyr-DTrp-Lys-Val-Cys-Nal)NH2 binds
with higher affinity to BRS-3 and BB1R relative to BB2R. In contrast, (D-Arg1, D-Trp7,9,
Leu11)SP bound with higher affinity to BB2R than BB1R or BRS-3. The addition of BRS-3
ant. to NCI-H1299-BRS-3 cells had little effect on basal EGFR tyrosine phosphorylation but
decreased the EGFR tyrosine phosphorylation caused by BA1. In contrast, BW2258U89 or
PD168368 did not antagonize the EGFR transactivation caused by BA1. BRS-3 ant. bound
with moderate affinity (IC50 = 750 nM) to lung cancer cells. The results suggest that (DNal-
Cys-Tyr-DTrp-Lys-Val-Cys-Nal)NH2 functions as a lung cancer BRS-3 antagonist. (DNal-
Cys-Tyr-DTrp-Lys-Val-Cys-Nal) may function as a somatostatin receptor agonist, however,
NSCLC cells do not express abundant somatostatin receptors [43], especially NCI-H1299
cells (T. Moody, unpublished).

BRS-3 regulates PI turnover in lung cancer cells [48] leading to ERK tyrosine
phosphorylation. Addition of BA1 to NCI-H1299-BRS-3 cells increased ERK tyrosine
phosphorylation 2.9-fold after 2 min. Also, BA1 addition to lung cancer cells increases c-fos
mRNA after 1 hour. The increase in ERK phosphorylation caused by BA1 addition to NCI-
H1299-BRS-3 cells was reversed by PD98059, a MEK-1 inhibitor, whereas PD98059 had

Moody et al. Page 7

Peptides. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



no effect on EGFR transactivation (T. Moody, unpublished). These results suggest that
EGFR tyrosine phosphorylation is upstream from ERK tyrosine phosphorylation.
Preliminary data (T. Moody, unpublished) indicate that 10 μM PD98059 had little effect of
the growth of all cells tested.

The increase in EGFR or ERK tyrosine phosphorylation caused by BA1 addition to NCI-
H1299-BRS-3 cells was blocked by gefitinib or AG1478. Previously, we found that the
NMB receptor activation increased the release of TGFα from NCI-H1299 cells [31].
Similarly, the increase in EGFR tyrosine phosphorylation caused by addition of NMB to
NCI-H1299 cells was inhibited by addition of anti-TGFα antibodies. Preliminary data (T.
Moody, unpublished) indicate that addition of TGFα but not amphiregulin, EGF or heparin
binding EGF antibodies to NCI-H1299-BRS-3 cells inhibited the ability of BA1 to increased
EGFR tyrosine phosphorylation. These results suggest that the generation of endogenous
TGFα by BRS-3 activation is mediating EGFR tyrosine phosphorylation in lung cancer
cells.

The ability of other agents to inhibit BRS-3 regulation of EGFR transactivation was
examined. Galardin (GM 6001) is a broad-spectrum MMP inhibitor which blocks bombesin-
and LPA-induced EGF receptor transactivation and DNA synthesis [40]. We found that
GM6001 and PP2 inhibited the ability of BRS-3 to regulate EGFR transactivation in lung
cancer cells. These results indicate that EGFR transactivation regulated by BRS-3 is
dependent upon both Src and MMP activation. It remains to be determined if BRS-3
increases MMP activity causing metabolism of pro-TGFα to TGFα in lung cancer cells.

In some cells transactivation of the EGFR requires reactive oxygen species [31]. BRS-3
containing cells, similar to the BB1R [31], increased reactive oxygen species in NCI-H1299
cells that was reversed by tiron, a superoxide scavenger (T. Moody, unpublished). N-acetyl
cysteine or tiron reversed the EGFR transactivation caused by addition of BA1 to NCI-
H1299-BRS-3 cells. Because EGFR transactivation was reversed by DPI, the ROS may be
due to NADPH oxidase activation. Oxidation of cysteine in the catalytic Src homology 2-
containing tyrosine phosphastase may lead to reduced phosphatase enzymatic activity
leading to an increase in the phosphorylation of the EGFR [4]. It remains to be determined if
BRS-3 activation reduces phosphatase enzymatic activity.

In summary, BRS-3 similar to BB1R or BB2R, can regulate the growth of NSCLC cells. The
BB family of receptors have similar signal transduction mechanisms, including
phosphatidylinositol turnover and ERK tyrosine phosphorylation [18]. Peptide receptor
antagonists such as BRS-3 ant., PD168368 or BW2258U89 have been shown to inhibit the
growth of NSCLC cells in a cytostatic manner. Many of the growth effects of BBR
antagonists in vitro, however, may result because EGFR tyrosine kinase activity is reduced.
BRS-3 ant., PD168368 or PD176252 have been shown to increase the cytotoxicity of
gefitinib using NSCLC cells. The results suggest that if more potent and selective BRS-3
antagonists were developed they may have important clinical applications.
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Fig. 1.
BRS-3 and proliferation. (A) The ability of BA1 to stimulate 3H-Thymidine uptake into
Balb/3T3-BRS-3 cells was determined in the absence (●) and presence (○) of 10 μM BRS-3
ant. The mean value ± S.D. of 4 determinations is indicated. (B). The ability of gefitinib to
alter colony formation in NCI-H1299-BRS-3 cells was determined in the absence (■) and
presence (□) of 10 μM BRS-3-ant; exogenous BA1 was not added. The mean value ± S.D.
of 3 determinations is indicated. These experiments are representative of 3 others.
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Fig. 2.
Specificity of EGFR tyrosine phosphorylation. (A) The ability of 100 nM BA1, 100 nM
GRP or 100 nM NMB to alter EGFR tyrosine phosphorylation in NCIH727 cells was
investigated. (B). The ability of BA1, GRP and NMB to alter EGFR tyrosine
phosphorylation in NCI-H1299-BRS-3 cells was investigated. (C) The ability of 10 μM
BRS-3 ant., 100 nM BA1, 100 nM BA2 or 100 nM BA3 to alter EGFR tyrosine
phsophorylation in NCI-H1299-BRS-3 cells was investigated. (D) The ability of 10 μM
BW2258U889 (BW), 10 μM PD168368 (PD) or 10 μM BRS-3 ant. to inhibit the increase in
EGFR tyrosine phosphorylation caused by BA1 addition to NCI-H1299-BRS-3 cells was
determined. As a control, equal amounts of total EGFR were loaded onto the gel. These
experiments are representative of 3 others.

Moody et al. Page 13

Peptides. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
BRS-3 regulates EGFR and ERK tyrosine phosphorylation. (A) The ability of 100 nM BA1
to cause tyrosine phosphorylation of the EGFR and ERK was investigated as a function of
time after addition to NCI-H1299-BRS-3 cells. As controls equal amounts of EGFR and
ERK were loaded onto the gel. (B) Densitometry analysis. The mean value ± S.D. of 4
experiments is indicated; p < 0.05 relative to control, *; p < 0.01, ** using the Student's t-
test (C) The ability of various doses of gefitinib (Gef) to reverse the EGFR tyrosine
phosphorylation caused by BA1 was investigated using NCI-H1299-BRS-3 cells. (D)
Densitometry analysis. The mean value ± S.D. of 4 experiments is indicated; p < 0.01
relative to control, **; p < 0.05 relative to BA1, a; p < 0.01 relative to BA1, aa; using the
Student's t-test.
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Fig. 4.
Inhibition of EGFR transactivation. (A) The ability of 10 μM PP2, 15 μM DPI or 10 μM
GM6001 to inhibit EGFR tyrosine phosphorylation caused by 100 nM BA1 addition to NCI-
H1299-BRS-3 cells was investigated. (B) Densitometry analysis. The mean value ± S.D. of
4 experiments is indicated; p < 0.01, ** relative to control; p < 0.05 relative to BA1, a; p <
0.01 relative to BA1, aa; using the Student's t-test. (C) The ability of 5 mM N-acetylcysteine
(NAC) or 5 mM Tiron (Tir) to inhibit EGFR transactivation was investigated. (D)
Densitometry analysis. The mean value ± S.D. of 4 experiments is indicated; p < 0.01, **
relative to control; p < 0.05 relative to BA1, a; p < 0.01 relative to BA1, aa; using the
Student's t-test.

Moody et al. Page 15

Peptides. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Moody et al. Page 16

Table I

Clonal growth of NCI-H1299-BRS-3 cells

Addition Colony number

None 40 ± 6aa

BA1, 10 nM 75 ± 3**

BA1 + Gef 0.3 μg/ml 72 ± 6**

BA1 + Gef 1 μg/ml 65 ± 8*

BA1 + Gef 3 μg/ml 47 ± 5a

BA1 + Gef 10 μg/ml 20 ± 3**aa

BRS3 ant., 10 μM 30 ± 3*aa

GRP, 10 nM 41 ± 5aa

NMB, 10 nM 46 ± 5a

The mean colony number ± S.D. of 3 determinations each repeated in triplicate is indicated; relative to no additions; relative to 10 nM BA1 using
the Student's t-test.

*
p < 0.05

**
p < 0.01

a
p < 0.05

aa
p < 0.01
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Table II

Proliferation of 3T3 cells.

Addition % Growth

Balb/3T3 Balb/3T3-BRS-3

None 99 ± 4 101 ± 3

BA1, 10 nM 90 ± 5 138 ± 11*

Gefitinib, 30 μg/ml 31 ± 4** 41 ± 6**

BA1 + Gefitinib 37 ± 5** 73 ± 7*

Balb/3T3 or Balb/3T3-BRS-3 cells (10,000/well) were placed in 96 well plates in 100 μl of SIT medium. BA1, Gefitinib or PD98059 were added
for 16 hours. After addition of MTT, the cells were incubated for 3 hours, then 150 ul of DMSO added and the absorbance determined at 570 nm.
The mean value ± S.E. of 3 determinations, each based on 8 data points, was calculated; using the Student's t-test.

*
p < 0.05

**
p < 0.01
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Table III

Binding of BB ligands

Addition IC50, nM

BA1 1.1 ± 0.2

BA2 21± 3

BA3 15 ± 2

BB >2000

BRS3 ant. 750 ± 82

BW2258U89 >2000

Gefitinib >2000

GRP >2000

NMB >2000

PD168368 >2000

The ability of ligands to half maximally (IC50) inhibit specific 125I-BA1 binding to NCI-H1299-BRS-3 cells was determined at 37°C. The mean
value ± S.E. of 4 determinations is shown.

The peptide structures are:

BB- Pyr-Gln-Arg-Leu-Gly-Asn-Leu-Trp-Ala-Val-Gly-His-Leu-Met-NH2

BA1- (DTyr6, βAla11, Phe13, Nle14)BB6-14

BA2- (DTyr6, R-Apa11, Phe13, Nle14)BB6-14

BA3- (DTyr6, R-Apa11, 4-Cl,Phe13, Nle14)BB6-14

BRS-3 ant. (DNal-Cys-Tyr-DTrp-Lys-Val-Cys-Nal)NH2.
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