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Abstract

Human bombesin receptors, GRPR and NMBR, are two of the most frequently overexpressed G-

protein-coupled-receptors by lung-cancers. Recently, GRPR/NMBR are receiving considerable 

attention because they act as growth factor receptors often in an autocrine manner in different 

lung-cancers, affect tumor angiogenesis, their inhibition increases the cytotoxic potency of 

tyrosine-kinase inhibitors reducing lung-cancer cellular resistance/survival and their 

overexpression can be used for sensitive tumor localization as well as to target cytotoxic agents to 

the cancer. The orphan BRS-3-receptor, because of homology is classified as a bombesin receptor 

but has received little attention, despite the fact that it is also reported in a number of studies in 

lung-cancer cells and has growth effects in these cells. To address its potential importance, in this 

study, we examined the frequency/relative quantitative expression of human BRS-3 compared to 

GRPR/NMBR and the effects of its activation on cell-signaling/growth in 13 different human 

lung-cancer cell-lines. Our results showed that BRS-3 receptor is expressed in 92% of the cell-

lines and that it is functional in these cells, because its activation stimulates phospholipase-C with 

breakdown of phosphoinositides and changes in cytosolic calcium, stimulates ERK/MAPK and 

stimulates cell growth by EGFR transactivation in some, but not all, the lung-cancer cell-lines. 

These results suggest that human BRS-3, similar to GRPR/NMBR, is frequently ectopically-

expressed by lung-cancer cells in which, it is functional, affecting cell signaling/growth. These 

results suggest that similar to GRPR/NMBR, BRS-3 should receive increased attention as possible 

approach for the development of novel treatments and/or diagnosis in lung-cancer.
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1. Introduction

Lung-cancer is a leading cause of global cancer death, responsible for 1.52 million deaths in 

2012 [1]. Despite recent advances in treating lung-cancer, the 5-year survival rate of patients 

remains approximately 16% [40]. Therefore, the development of new therapeutic approaches 

is needed to increase the survival rates.

Human bombesin-receptor subtype-3 (BRS-3) is an orphan G-protein-coupled-receptor 

proposed to be classified in the bombesin-receptor (BnR) family, because of its high 

homology with the established human-BnRs, sharing with the gastrin-releasing peptide 

receptor (GRPR) 51% and with the neuromedin B receptor (NMBR), 47% amino-acid 

identities [24]. BRS-3 is widely distributed in the CNS, GI tract, pancreatic islets and other 

peripheral tissues, as well as in some tumors including pancreatic, ovarian, prostate and 

lung-cancer [24,40,49,52,58,70]. BRS-3, is reported, primarly in receptor-knockout studies, 

to be potentially involved in a wide number of physiological/pathophysiological processes 

such as energy metabolism [15,24], glucose homeostasis [24,30], lung-cancer metastasis 

formation [23], obesity and diabetes [18,51]. Because BRS-3 is an orphan-receptor whose 

natural ligand has not been described and, despite its sequence similarity to the other BnRs, 

it does not bind any natural bombesin-peptide (Bn) with high-affinity [24,30], the 

exploration of BRS-3’s role in physiological/pathophysiological processes using selective 

ligands has been limited. Recently, a selective-agonist, MK-5046, and antagonist, Bantag-1, 

have been described providing pharmacological tools to study BRS-3’s role in physiological/

pathophysiological processes [40,44,49].

The established BnRs, GRPR and NMBR, are recently receiving increased attention because 

they are one of the G-protein-coupled receptor families most frequently overexpressed in 

many common tumors including lung-cancer[24]. It is reported that GRPR and NMBR are 

not only overexpressed in 25–100% of different types of lung-cancer, but have important 

growth effects on lung-cancer, often acting in an autocrine-manner [24,27,37,41,45,52,61]. 

In addition, activation of GRPR/NMBR enhance survival of lung-cancer cells exposed to 

EGFR tyrosine-kinase inhibitor (TKI) anti-cancer therapies such a gefitinib [27,37]. GRPR/

NMBR-antagonists are being explored as novel therapies because they suppress lung-cancer 

angiogenesis [47], decrease growth and increase cellular death [27,35], as well as improve 

the cytotoxic potency of TKIs (gefitinib/erlotinib), either in EGFR-mutant or in EGFR-wild-

type lung-cancers [27,35,37,41]. Furthermore, use of the GRPR/NMBR-overexpression is 

receiving increased attention to either image lung-cancers, or as a possible means to target 

cytotoxicity therapy to lung-cancer, as is being used in other cancers [45,49].

However, little it is known about BRS-3 in lung-cancer compared with GRPR/NMBR. A 

few studies report the frequent presence of BRS-3-mRNA in different types of lung-cancer 

[10,13,14,55,61,64]. However, quantitative comparisons with GRPR/NMBR or studies using 

more sensitive quantitative PCR methods have not been performed. In a few lung-cancer 

cell-lines, BRS-3 activates cell signaling cascades including phospholipase A, C and D 

activation, cytosolic-Ca2+ mobilization and ERK/MAPK, as well as stimulates growth via 

EGFR-transactivation by activation of matrix-metalloproteinases and generation of reactive 

oxygen species [38,43,44,49,55,71]. Furthermore, BRS-3-activation stimulates metastasis 
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formation and drug resistance in small-cell-lung-cancer (SCLC) [23]. These effects suggest 

that, similar to the established BnRs, GRPR/NMBR, the BRS-3-receptor could be playing an 

important role in lung-cancer pathophysiological processes. This could open novel 

approaches for lung-cancer treatment and diagnosis. To attempt to provide more detailed 

information in this area, we have investigated the presence of human BRS-3 in different 

lung-cancer cell-lines and compared expression to other BnR’s, as well as explored the 

affect of BRS-3 activation on lung-cancer signaling and growth in a number of different 

lung-cancer cell lines.

Our results demonstrate that human BRS-3, similar to GRPR/NMBR, is ectopically-

expressed by almost all lung-cancer cell lines, frequently with equal or higher expression 

than GRPR/NMBR. In these lung-cancer cells, BRS-3 is functional, affecting cell signaling 

and growth, in most cases, by transactivation of the EGFR. These results, combined with the 

recent availability of selective BRS-3 agonists/antagonists [18,31,49], suggest that similar to 

GRPR/NMBR [45,49], BRS-3 should receive increased attention as possible approach for 

the development of novel treatments and/or diagnosis in lung-cancer.

2. Materials and methods

2.1. Materials

All cell lines were obtained from the American Type Culture Collection (Rockville, MD), 

which uses cytochrome-C oxidase I gene analysis and the short tandem-repeat analysis to 

authenticate these celllines; Dulbecco’s minimum-essential medium (DMEM), Roswell Park 

Institute medium 1× (RPMI 1640), Ham’s F–12 K (Kaighn’s) medium (F-K12), phosphate-

buffered saline (PBS), fetal bovine serum (FBS), Dulbecco’s phosphate buffer saline 

(DPBS), trypsin-EDTA 1×, penicillin/streptomycin, Novex®4-20% Tris-Glycine gel, and 

GENETICIN selective antibiotic (G418 Sulfate) were from Invitrogen/Gibco (Carlsbad, 

CA); gastrin-releasing peptide (GRP) and neuromedin B (NMB) were from Bachem 

(Torrance, CA); MK-5046[(2S)-1, 1, 1-trifluoro-2-[4- (1H-pyrazol-1-yl)phenyl]-3- (4-[[1- 

(trifluoromethyl)cyclopropyl]methyl]-1H-imidazol-2-yl)propan-2-ol] and Bantag-1 [Boc-

Phe-His-4-amino-5-cyclohexyl-2, 4, 5-trideoxypentonyl-Leu- (3-dimethylamino)benzyl 

amide-N-methyl ammonium trifluoroacetate] were gifts from Merck, Sharp and Dohme 

(West Point, PA); [D-Tyr6, β-Ala11, Phe13, Nle14]Bn- (6–14) (peptide #1) and [D-

Phe6]Bombesin-(6–13)-methyl ester (ME) were gifts from D.H. Coy (New Orleans, LA); 

myo-[2-3H]-Inositol 5 mCi (185MBq) was obtained from Perkin Elmer (Boston, MA); 

gefitinib (Tocris Bioscience, Bristol, UK), AG 1-X8 resin and 10×-Tris/Glycine/SDS was 

from Bio-Rad (Richmond, CA): bacitracin, sodium vanadate, triton X-100, deoxycholate, 

Tween®20, phenylmethylsulfonyl fluoride (PMSF), ethylene glycol tetra-acetic acid 

(EGTA), ethylene-diamine tetra-acetic acid (EDTA), sodium azide, RCH80267, 

U-73122hydrate, fat-free BSA, methanol and PD168368 were from Sigma-Aldrich (St. 

Louis, MO); monoclonal rabbit anti-α/β-tubulin, rabbit polyclonal EGF receptor (EGFR)-

antibody, rabbit polyclonal anti-phosphorylated forms p44/42-MAP-Kinase (Thr202/

Tyr204) and EGFR were from Cell Signaling Technology (Beverly, MA); purified mouse 

anti-phosphotyrosine was from BD Transduction Laboratories (San Jose, CA); goat anti-

rabbit IgG (H + L) secondary antibody-horseradish peroxidase (HRP)-conjugated, protein-G 

Moreno et al. Page 3

Peptides. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



agarose, Supersignal Western Pico/Dura extended/Femto were obtained from Thermo Fisher 

Scientific (Rockford, IL); non-fat dry milk was from American Bio-analytical (Natick, MA); 

protease inhibitor tablets were from Roche (Basel, Switzerland); bovine serum-albumin 

fraction V (BSA) and N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES) were 

obtained from ICN Pharmaceutical Inc. (Aurora, OH). Human lung Total RNA were Zyagen 

(San Diego, CA) and human bronchial epithelial cell Total RNA was from ScienCell 

(Carlsbad, CA).

2.2. Cell culture

Balb-3T3-cells transfected with human GRPR (GRPR/Balb), human NMBR (NMBR/Balb) 

and human BRS-3-receptor (BRS-3/Balb), as well as NCI-H1299-cells transfected to over-

express human BRS-3-receptor (BRS-3/H1299), were prepared and used as described 

previously [5–7,33,65]. GRPR/Balb, NMBR/Balb and BRS-3/Balb-cells were grown in 

DMEM supplemented with 10% FBS, 1% penicillin/streptomycin and 300 mg/L G418 

sulfate. BRS-3/H1299 were cultured in RPMI1640 containing 10% FBS, 1% penicillin/

streptomycin and 300 mg/L G418 sulfate. NCI-H720-cells were grown in 50% DMEM and 

50% F–12K mediums containing 5% FBS and 1% penicillin/streptomycin. A549 cells were 

cultured in F–12 K containing 10% FBS and 1% penicillin/streptomycin. NCI-H358, NCI-

H460, NCI-H520, NCI-H838, NCI-H727, NCI-H69, NCI-H82, NCI-N417, NCI-H345 and 

NCI-H510 cells were cultured in RPMI 1640 supplemented with 10% FBS and 1% 

penicillin/streptomycin. All the cells were incubated at 37 °C in a 5% CO2/95% air.

2.3 Bombesin receptor (BnR) mRNA expression: reverse transcription and real time 
quantitative PCR

mRNA expression of BRS-3 receptor, GRPR and NMBR were initially assessed by the 

polymerase chain reaction (PCR), and then quantitated using quantitative-real-time 

polymerase chain reaction (qRT-PCR). Total RNA was isolated from 3 × 106cells following 

the manufacturer’s instructions with the RNeasy Mini-Kit (Qiagen, Valencia, CA, USA). 

RNA-samples were treated with DNase Digestion (Qiagen, Valencia, CA, USA) to avoid 

possible DNA contamination. Total RNA (1 μg) was reverse-transcribed into cDNA using a 

SuperScript™ III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen, Waltham, MA) 

per the manufacturer’s instructions. cDNA from RNA isolated, was amplified using the 

HotStarTaq® Master Mix Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s 

instructions. Amplification conditions for PCR-reactions included an initial cycle of 95 °C 

for 15 min, followed by 35-cycles of denaturation at 94 °C for 30s, annealing at 60 °C for 30 

s and extension at 72 °C for 1 min. After the final-cycle, all PCR-reactions concluded with a 

10 min extension at 72 °C. The amplification conditions for qRT-PCR-reactions included an 

initial-cycle of 95 °C for 10 min, followed by 40-cycles of denaturation at 95 °C for 15 s and 

annealing at 60 °C for 30s. After the final-cycle, qRT-PCR-reactions concluded with a final-

cycle with 3 steps of 95 °C for 1 min, 55 °C for 30 s and 95 °C for 30s. The primers used in 

both, PCR and qRT-PCR, were: for BRS-3, BRS-3-F (120): 5′-

CAGAAGGATGGCTGTTCGGA-3′ and BRS-3-R (120): 5′-

CAACTGCCTTGTATCTGTCAGC-3′; for GRP-R, GRPR-F (113): 5′-

TACCTCTGTTGGGGTGTCTGT −3′ and GRPR-R (113): 5′-

GGCAGATCTTCATCAGGGCAT −3′; for NMB-R, NMBR-F (131): 5′-
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TATTTCCTCATACCACTTGC-3′; and NMBR-R (131): 5′-

CGTTTCCGTGTTTCCATCTGT-3′; and for β-actin, human- β-actin-F (205): 5′-

CCTCGCCTTTGCCGATCC-3′ and human-b-actin-R (205): 5;-

GGAATCCTTCTGACCCATGC-3′. All primer sets were verified to yield only the product 

of the appropriate size, and no product was seen with genomic DNA or when RT was 

omitted. Furthermore, during each PCR, the following controls were included: water only, 

buffer only, no RT samples, melting curves reviewed and samples were examined on agarose 

gels to exclude the presence of other products or dimer interactions. To be certain that each 

of the primer pairs had comparable efficiencies serial dilutions up to 1010 fold were made of 

the GRPR, BRS-3 and NMBR Balb 3 cDNAs to determine their efficiencies. In each case 

the efficiencies were in the 90–100% range. To compare the sensitivities under similar PCT 

conditions of the nonquantitative PCT and qRT-PCR, serial dilutions of BRS-3 Balb 3 

cDNA were made and analyzed. For the non-quantitative PCR, the PCR-products were 

analyzed on a 3% agarose gel, visualized by ethidium bromide staining and the intensity of 

the bands was measured using the Gene tools of Synegene program. qRT-PCR, PCR was 

performed using FastStrat Universal SYBR Green Master (ROX) (Roche, Indianapolis, IN). 

For each sample, gene expression was normalized with the housekeeping gene, β-actin, and 

expression-levels compared by the 2−ΔΔCt method. The average of each BnR mRNA-levels 

obtained in each cell tested was expressed as fold higher/lower than the mRNA-levels of the 

NSCLC-cell-line NCI-H358, which was considered as 1, because all 3 BnR subtypes were 

well-expressed in this cell on qRT-PCR. The experiments were performed 3-times with each 

sample in triplicate. In both, PCR and qRT-PCR, total RNA from BRS-3/Balb, GRPR/Balb 

and NMBR/Balb was used as a positive control of BRS-3, GRPR and NMBR, respectively.

Primer design: The cDNA-sequences of human- β-actin and human-BnRs, BRS-3, GRPR 

and NMBR, were obtained from GenBank (accession number of BRS-3; NM_001727.1; 

GRPR: NM_005314.2; NMBR: NM_002511.2) and the primers were designed using the 

Primer-BLAST.

2.4. Measurement of [3H]-inositol phosphates ([3H]IP)

[3H]IP was determined as described previously [4,5,7,53,65]. Briefly, all adherent cells 

(NCI-H358, NCI-H460, NCI-H520, BRS-3-Balb-3T3, BRS-3-NCI-H1299, NCI-H727) were 

subcultured into 24-well-plates (5 × 105cells/ml) in regular propagation media and then 

incubated for 24 h at 37 °C in a 5% CO2 atmosphere. Then, the cells were incubated with 

3μCi/ml of myo-[2-3H] inositol in growth media supplemented with 2% FBS for an 

additional 24 h. After the incubation, the 24-well-plates were washed by incubating for 30 

min, 37 °C with 1 ml/well of PBS (pH 7.0) containing 20 mM lithium chloride. The wash-

buffer was aspirated and replaced with 500 μl of IP-assay-buffer containing 135 mM sodium 

chloride, 20 mM HEPES (pH 7.4), 2 mM calcium chloride, 1.2 mM magnesium sulfate, 1 

mM EGTA, 20 mM lithium chloride, 11.1 mM glucose, 0.05% BSA (w/v) and incubated 

without (control) or with different peptides used for 60 min, at 37 °C. Cells which grew in 

suspension (NCI-H720, NCI-H69, NCI-H82, NCI-N417, NCI-H510), were centrifuged to 

removed RPMI-medium and incubated (2 × 106cell/ml) directly with myo-[2-3H] inositol in 

RPMI with 2% FBS for 24 h [55,57]. The cells were then centrifuged to remove the myo-

[2-3H]-inositol, washed with wash-buffer containing 20 mM LiCl for 10 min, at 4 °C, 
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recentrifuged to removed wash-buffer and distributed to 5 ml tubes where they were 

incubated without (control) or with peptides in 500 μl of IP-assay buffer for 60 min at 37 °C. 

In both types of cells, the incubation was terminated by the addition of 1 ml of ice-cold 1% 

(v/v) hydrochloric acid in methanol. Total [3H]IP was isolated by anion exchange 

chromatography as described previously [53,54,65]. Samples were loaded onto Dowex AG1-

X8 anion exchange-resin columns, washed with 5 ml of distilled water to remove free [3H]-

inositol, then washed with 2 ml of 5 mM disodium-tetraborate/60 mM sodium formate 

solution to remove [3H] glycerophosphoryl-inositol and after this 2 ml of 1 mM ammonium 

formate/100 mM formic acid solution was added to elute total-[3H] IP. Each eluate was 

mixed with scintillation cocktail and measured for radioactivity in a scintillation β-counter.

2.5. Cytosolic Ca2+

Cells with adherent growth were treated with trypsin-EDTA and harvested (2.5 × 106cells/

ml). After centrifugation, the cells were resuspended in SIT-medium (RPMI-1640 containing 

3 × 10−8M sodium selenite, 5 μg/ml insulin and 10 μg/ml transferrin) [40,54,55] containing 

1 μMFura-2 AM (Calbiochem, La Jolla, CA) at 37 °C for 30 min. Subsequently, the cells 

were centrifuged at 1000×g for 5 min, resuspended and 2 ml placed in a Quartz cuvette. The 

excitation-ratio was determined at 340- and 380-nm, and the emission at 510 nm using a 

QuantaMastera™400-Photon Technology International spectro-fluorometer. Cells which 

grew in suspension were centrifuged to remove the growth-medium, washed with PBS, 

centrifuged again, resuspended and incubated in SIT-medium (3–4 × 106cells/ml) containing 

Fura-2AM at 37 °C for 30 min.

2.6 Western blotting

The ability of MK-546 to stimulate tyrosine phosphorylation of MAPK/ERK and EGFR was 

studied by Western blotting as previously described [43,44]. Briefly, all cells were washed 

with PBS and incubated with starvation-medium (DMEM or RPMI without FBS) for 3 h 

(BRS-3/Balb, NCI-H520, NCI-H720, NCI-H82) or 24 h for the rest of the cells, at 37 °C in 

a 5% CO2/95% air. After incubation, cells were treated with MK-5046 for 3 min and the 

reaction was stopped at 4 °C. In the case of inhibition studies, cells were treated with 20 nM 

of gefitinib for 30 min prior to stimulation for 3 min with MK-5046. Then, the cells were 

washed with PBS and lysed with lysis-buffer containing 50 mM Tris/HCl (pH 7.5), 150 mM 

NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% sodium azide, 1 mM EGTA, 0.4 mM 

EDTA, 1 mM DTT, 0.4 mM sodium orthovanadate, 1 mM PMSF and 1 protease inhibitor 

tablet per 10 ml. Each lysate was sonicated for 5 s and after 5 min at 4 °C, centrifuged at 12, 

200 rpm for 20 min at 4 °C; protein concentration was measured using the Bio-Rad protein-

assay reagent (Hercules, CA). To investigate the phosphorylation of MAPK/ERK, 20 μg of 

protein from each cell lysate was loaded onto SDS-PAGE using 4–20% Tris-Glycine gels. 

To study EGFR-phosphorylation, 600 μg of protein was incubated in 200 μl of lysis-buffer 

with 4 μg of purified mouse anti-phosphotyrosine monoclonal-antibody and 30 μl of 

immobilized protein-G agarose, overnight, at 4 °C. The precipitates were washed 3-times 

with phosphate-buffered saline and the inmunoprecipitates loaded onto SDS-PAGE using 4–

20% Tris-Glycine gels. For both studies, after electrophoresis, proteins were transferred to 

nitrocellulose membranes for 2 h. The membranes were then washed twice with washing-

buffer (TBS plus 0.5% Tween®20) and incubated with primary antibody anti-P-p42/44 
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(Thr202/Tyr204) or anti-EGFR at 1:1000 dilution in washing-buffer + 5% BSA overnight at 

4 °C, under constant agitation. After this incubation, membranes were washed twice in 

blocking-buffer (TBS plus 0.1% Tween® 20, 5% non-fat dry milk) for 5 min and then, 

incubated with HRP-conjugated secondary antibody (anti-rabbit) for 1 h at room 

temperature under constant agitation. Membranes were washed again twice in blocking-

buffer for 5 min, and twice in washing-buffer 0.1% Tween®20 for 5 min. The membranes 

then, were incubated with chemiluminescence-detection reagents for 4 min and finally were 

exposed to G: BOX Chemi XX6 of Syngene (Frederick, MD). The intensity of the protein 

bands was measured using the Gene tools of Synegene program.

2.7. [3H]-Thymidine-uptake

Briefly, [3H]-thymidine uptake was performed as described previously [11,39]. Cells with 

adherent growth were plated (5 × 105cells/well) in 24-well-plates in their specific growth-

medium (DMEM or RPMI containing 10% FBS and 1% penicillin/streptomycin). After 24 

h, cells were washed with FBS and incubated for 24 h more in serum-free-medium (without 

FBS) with either MK-5046, gefitinib or both. Cells with suspension growth were directly 

incubated with serum-free-medium with MK-5046 added for 24 h. Six hours before the end 

of incubation, 1 μCi/ml of [3H]-Thymidine was added to each well. Then cells were washed 

2-times with 1 ml of ice-cold PBS and incubated with 1 ml of ice-cold 5% TCA for 30 min 

at 4 °C. TCA was aspirated and cells were washed with iced-cold PBS. Finally, cells were 

resuspended in 0.5 ml of 0.5N NaOH/0.5% SDS and placed in a scintillation vial and 

counted in a scintillation β-counter.

2.8. Statistical analysis

All results are expressed as a mean ± S.E.M from at least 5-experiments. Results were 

considered significant if they differed from control by p < 0.05 using Anova (nonparametric) 

or the unpaired- or paired-t-Test when performed with a specifically matched paired-control. 

Prism 6.0 was used for all statistical analysis.

3. Results

3.1. Expression of bn-receptor subtypes in human lung-cancer-cells

BRS-3, GRPR and NMBR expression was initially assessed by PCR using specific primers 

in 13 different lung-cancer cell-lines: 6 NSCLC-cells, 5 SCLC-cells and 2 carcinoid-cells. 

BRS-3 mRNA (Fig. 1) was detected in 8/13 (62%) cells: 3/6 NSCLC-cell-lines (NCI-H358, 

NCI-H520, NCI-H1299); 3/5 SCLC-cell-lines (NCI-H69, NCI-H82, NCI-N417); and 2/2 

carcinoid-cell-lines (NCI-H720, NCI-H727). GRPRmRNA was detected in 10/13 (77%) of 

the cells: 5/6 NSCLC-cell-lines (NCI-H358, NCI-H520, A549, NCI-H838, NCI-H1299); 3/5 

SCLC-cell-lines (NCI-H69, NCI-H345, NCI-H510); and in 2/2 carcinoid-cell-lines (NCI-

H720, NCI-H727). Lastly, NMBRmRNA was found in 8/13 (62%) of cells (Fig. 1): 4/6 

NSCLC-cell-lines (NCI-H358, A549, NCI-H838, NCI-H1299); 2/5 SCLC-cell-lines (NCI-

H345, NCI-H510); and in 2/2 carcinoid-cell-lines (NCI-H720, NCI-H727). Most of the cell-

lines tested expressed, at least, 2 of the 3 receptors, except in the case of the SCLC-NCI-H82 

and SCLC-NCI-N417, which only expressed the BRS-3-receptor.
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The mRNA-levels of human BnRs, was further characterized by quantifying the relative 

expression using qRT-PCR in each of the 13 human lung-cancer cell-lines. The average of 

each BnR mRNA-levels obtained in each cell tested was expressed as fold higher or lower 

than the mRNA-levels of the NSCLC-cell-line NCI-H358, which was considered as 1, 

because all 3 human BnR’s were well-detected on qRT-PCR in this lung-cancer cell line. 

Using qRT-PCR, the BRS-3-receptor was expressed not only in the 8 cell-lines identified by 

nonquantitative-PCR (Fig. 1), but also in 3 other NSCLC-cell-lines (NCI-H460, NCI-A549, 

NCI-H838), and in the SCLC-cell-line, NCI-H510 (Fig. 2A). These results suggested that 

qRT-PCR in our analysis was more sensitive than non-quantitative PCR. This proposal was 

confirmed by analyzing serial dilutions of the BRS-3 BALB 3T3 cells by each method under 

identical conditions and the qRT-PCR was 300-fold more sensitive than non-quantitative 

PCR. The expression of the BRS-3-receptor was generally higher in SCLC-cells and 

carcinoid-cells than in NSCLC-cells. BRS-3-expression varied 3120-fold among the lung 

cancer cell lines (Fig. 2A). The highest levels of BRS-3-mRNA were in 2 SCLC-cell-lines 

(NCI-H69, NCI-N417) (38 ± 2 and 376 ± 10-fold greater, respectively). Five cell-lines 

showed BRS-3-mRNA levels greater than H358, while 4 had detectable mRNA levels less 

than BRS-3-mRNA expression shown in NCI-H358 cell-line. BRS-3-mRNA levels in 

normal lung were 2.5-fold less than found in NCI-358, and were not detectable in bronchial 

epithelial cells (data not shown). GRPR-expression also varied markedly in the different 

lung-cancer-cells (538-fold) and was detected by qRT-PCR in 11/13 cell-lines (Fig. 2B). 

Besides the 10 cell-lines that expressed GRPR in the nonquantitative-PCR conditions (Fig. 

1), with qRT-PCR, GRPR expression was also detected in SCLC-NCI-H82. High levels of 

GRPR-mRNA were detected in 4/6 NSCLC-cells, in 2/5 SCLC-cells and in 1/2 carcinoid-

cell-lines (Fig. 2B). qRT-PCR demonstrated that NMBRmRNA was expressed in 11/13 cell-

lines, which included the 8 positive cells identified by nonquantitative-PCR (Fig. 1) and also 

the 3 SCLC-cell-lines (NCI-H69, NCI-H82, NCI-N417) (Fig. 2C). As it has seen with 

GRPR, NMBR is also widespread among the 13 different types of lung-cancer-cells, 

although the NMBR-mRNA-levels observed in general, were lower than in the case of 

GRPR. The NSCLC-NCI-H1299-cells showed the highest NMBR-mRNA-levels, while 

similar to GRPR, SCLC-NCI-H69-cells showed the lowest positive amount. Although most 

of the cells expressed at least 2 of the 3 BnRs, three (NCI-H69, NCI-H82, NCI-N417) of the 

four cells (NCI-H69, NCI-H82, NCI-N417) with the highest amount of BRS-3-mRNA 

(NCI-H69, NCI-H82, NCI-N417, NCI-520) had very low mRNA-levels of GRPR/NMBR 

(Fig. 2).

In terms of relative expression of the 3 BnR-subtypes: in 7/13 celllines the BRS-3-levels 

were the highest (H358, H460, H520, NCI-H69, NCI-H82, NCI-N417, NCI-H727); in 3/13 

the GRPR levels were the highest (A549, H838, H345); and in 1/13 the NMBR-levels were 

the highest (NSCLC-H1299). H720-cells showed approximately the same amount of BRS-3 

and GRPR, and H510-cells showed the same amount of GRPR and NMBR. In terms of the 

magnitude of difference in relative expression of the different BnRs, the lung-cancer cell-

lines varied greatly with 2 cell-lines (NCI-H69, NCI-N417), having 864 ± 9- to 7082 ± 496-

fold more BRS-3 than GRPR/NMBR, whereas 3 cell-lines (A549, H838, H345) had from 

440 ± 10- to 1618 ± 107-fold greater GRPR than either NMBR/BRS-3, and 1 cell-line, 

H1299, had 154 ± 7-fold greater NMBR than either GRPR/BRS-3. Three of the 6 NSCLC-
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cell-lines, 3/5 SCLC-cell-lines and l of 2 carcinoid-cell-lines, had either greater or similar 

amounts of BRS-3 to the GRPR/NMBR.

3.2. Stimulation of PLC by BRS-3 activation in human lung-cancer cells (Fig. 2, Tables 1, 
2)

Previous studies have demonstrated that, similar to GRPR and NMBR, BRS-3-activation is 

primarily coupled to phospholipase-C (PLC) cascade activation, with stimulation of inositol 

phosphates generation (IP) and cytosolic-calcium (Ca2+)i release [24,40,44,55]. To 

determine whether the BRS-3 is biologically active in the lung-cancer cell lines and coupled 

to PLC-activation, each of BRS-3-qRT-PCR positive cells was first investigated for changes 

in cytosolic-calcium mobilization (Fig. 3, Table 1) after the addition of the BRS-3-selective-

agonist, MK-5046 [44,60] (see Supplemental Table 1). Because the dose-response (DR)-

curve for stimulation of IP by BRS-3-activation can be biphasic in some cells [44], we used 

two concentrations of MK-5046 (Table 1). In each lung-cancer cell-line, (Ca2+)i increased 

within seconds of MK-5046 addition (Fig. 3, Table 1), with the largest increase seen in the 

SCLC0NCI-H82 and BRS-3-transfected cells, Balb-3T3 and NCI-H1299 (Fig. 3B, D).

To further assess PLC activation, generation of inositol phosphates (IP) was investigated in 

each of the qRT-PCR-cell-lines positive for BRS-3 and in four BRS-3 negative cell lines 

[H345 and nontransfected BALB 3T3 cells, GRPR transfected and NMBR-transfected Balb 

3T3 cells], and the positive control BRS3-transfected Balb 3T3 cells (Fig. 4; Tables 1 and 2; 

Supplemental Table 2). Changes in cytosolic Ca2+ were also investigated in two BRS-3 

negative cell lines (supplemental Fig. 1). In all the non-BRS-3 containing cell lines, no 

stimulation with the BRS-3 specific agonist, MK-5046 was seen. However, in each case 

stimulation of [3H]IP generation or changes in cytosolic calcium were seen with stimulation 

of other receptors on these cells (Supplemental Table 2, Supplemental Fig. 1). At least one 

of the concentrations of MK-5046 (10 nM, 100 nM), stimulated detectable IP-production in 

all the BRS-3 cell-lines except SCLC-NCI-H510 (Table 1). In this cell-line, the stimulation 

of IP by BRS-3 activation could not be detected (Table 1), even though changes in (Ca2+)i 

could be detected (Fig. 3). The greatest [3H] IP-increase in IP-production (8-fold) was 

detected in BRS-3/H1299-cells (Table 1). There was a direct correlation between the 

magnitude of increase in [3H]IP-generation and the BRS-3 mRNA amount from qRT-PCR 

with a regression curve of y = 1.77x, r = 0.89, p = 0.0003.

To examine the dose-response relationships for PLC activation, [3H] IP-generation in 3 cell-

lines were studied in more detail (Fig. 4). MK-5046 stimulated in BRS-3/H1299, NCI-H720 

and NCI-H69 a concentration-dependent release of [3H]IP with an EC50 of 0.37 ± 0.04 nM, 

0.14 ± 0.05 nM and 3.29 ± 0.54 nM, respectively (Fig. 4A–C). The dose-response curves in 

NCI-H720 and NCI-H69 cells were biphasic (Fig. 4C). Supramaximal MK-5046 

concentrations caused a 28% (p < 0.05) decrease in the [3H]IP-release in H720 and 29% (p 

< 0.001) (Fig. 4B, C). In BRS-3/H1299 cells the dose-response curve was monophasic (Fig. 

4A).
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3.3. Effect of a BRS-3-antagonist and selective GRPR/NMBR agonists/antagonists on 
activation of PLC

The peptide-antagonist, Bantag-1, is highly selective for the BRS-3 [19,44,49] (see 

Supplemental Table 1). As shown in Figs. 1 and 2, many of the lung-cancer cell-lines tested 

possessed more than one BnR-sub-types. To be certain, MK-5046 was activating PLC via 

the BRS-3-receptor, the effect of Bantag-1 on this signaling pathway was determined, as 

well as the effect of other BnR-antagonists (Table 2).

The ability of Bantag-1 to inhibit the stimulation of [3H]IP-production caused by both, the 

selective-agonist MK-5046 and the universal-nonselective-agonist, peptide#l [33,48], was 

examined in 4 celllines (NCI-H69, NCI-N417, NCI-H727, BRS-3/Balb) (Table 2). In 

addition, the ability of the selective NMBR-antagonist, PD16836 [16] (see Supplemental 

Table 1) and the potent GRPR-antagonist, [D-Phe6] Bombesin-(6–13)-methyl ester (ME) 

[16,66,68] (see Supplemental Table 1) to inhibit IP-production stimulated by peptide #1, in 

these lung-cancer cells, was studied, since it was found that NCI-H69, as well as NCI-H727, 

expressed other BnRs besides BRS-3 (Table 2). Also, the ability of NMB, the selective-

agonist of NMBR(see Supplemental Table 1), and GRP, a selective-agonist of GRPR [65] 

(see Supplemental Table 1), to stimulate PLC-activation in these cells was studied (Table 2). 

MK-5046 at 10 nM as well as peptide #1 at 10 nM caused a significant increase (p < 0.01) in 

[3H]IP-generation in each of the 4 cell-lines (Table 2). However, NMB and GRP at 10 nM 

and 100 nM, activated PLC only in NCI-H727-cells (Table 2), which contain BRS-3, GRPR 

and NMBR (Fig. 1). Bantag-1 (100 nM), inhibited the [3H]IP-generation stimulated by 

MK-5046 (10 nM) in all 4 cell-lines with a decrease in the [3H]IP-production of 81% in 

NCI-H69, 99% in NCI-N417, 75% in NCI-H727 and 93% in BRS-3/Balb-cells (Table 2). 

Also, Bantag-1 (1000 nM), completely inhibited the stimulation of increases in cytosolic 

calcium by the BRS-3 agonist, MK-5046, in two cell lines (NCI-H727, H782, supplemental 

Fig. 2. To confirm that similar results were obtained with MK-5046 stimulation of increases 

in cytosolic Ca, we examined the ability of Bantag-1 to inhibit increases in (Ca2+)i in a small 

lung cancer cell line NCI-82, a nonsmall cell lung cancer cell line, NCI-H460 and a 

carcinoid cell line, NCI-H727, all of which showed strong stimulation by MK-5046 (Fig. 3). 

In each case Bantag-1 inhibited MK-5046 stimulation of increases in (Ca2+)i.

Peptide #1 is a nonselective-agonist able to activate all 3 human BnRs [33,48,57,65]. 

Bantag-1 (100 nM) inhibited by 83% the [3H]IP-production caused by peptide #1 (10 nM) in 

NCI-H69-cells, 68% in NCI-N417-cells and an 82% in BRS-3/Balb-cells. Neither the 

selective, NMBR-antagonist, PD16836, nor the selective, GRPR-antagonist, ME, inhibited 

the stimulation of IP caused by peptide #1, demonstrating it was via BRS-3 activation. Of 

the three inhibitors used, only the selective-BRS-3-antagonist Bantag-1 was able to inhibit 

the [3H]IP-production in all the cells studied, supporting the conclusion that BRS-3 was 

functional in these cells (Table 2).

3.4. Selective BRS-3-agonist, MK-5046, stimulates p42/44-MAPK phosphorylation in 
human lung-cancer cells

BRS-3 activation in some tumor cells, as well as in some BRS-3-transfected-cells 

[43,44,71], stimulates MAPK-activation. To further investigate this in the present study, the 
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stimulation of the tyrosine phosphorylation of MAPK (Erkl/2 P-p42/44) with BRS-3 

activation, was investigated in 9 BRS-3 positive lung-cancer-cell-lines and 2 BRS-3-

transfected-cell-lines (Balb-3T3, NCI-H1299) (Table 1, Figs. 5 and 6).

MK-5046 (10, 100 nM) stimulated p42/44-MAPK phosphorylation in all the cell-lines 

(Table 1). MK-5046 significantly increased p42/44 tyrosine phosphorylation in the NSCLC 

lines NCI-H520 and NCI-H358 at 10 nM and 100 nM, and in NCI-H460 at 100 nM, with the 

same efficacy in the three of them (Fig. 5A–C). At 10 nM and 100 nM, MK-5046 also 

increased significantly the phosphorylation of p42/44 in the SCLC line NCI-H510 showing a 

biphasic response since p42/44 phosphorylation was 1.3-fold higher at 10 nM of MK-5046 

than at 100 nM (Fig. 5C). MK-5046 stimulated p42/44 phosphorylation in a dose-dependent 

manner (Fig. 6) with high potency [BRS-3/H1299-cells (EC50, 1.90 ± 0.16 nM); NCI-H727 

(EC50, 0.02 ± 0.01 nM); NCI-H720 (EC50, 1.14 ± 0.57 nM); NCI-H69 (EC50, 0.12 ± 0.01 

nM); NCI-H82 (EC50, 1.08 ± 0.16 nM); NCI-N417 (EC50, 0.02 ± 0.01 nM)]. The dose-

response curve in all the cells, except in the case of BRS-3/H1299-cells, was biphasic (Fig. 

6). With supramaximal concentrations of MK-5046 a decrease in p42/44-phosphorylation 

was seen, which in NCI-H727-cells, represented a 49 ± 9% (p < 0.0001) decrease (Fig. 6B); 

in NCI-H720-cells (Fig. 6C), a 45 ± 8% (p < 0.02) decrease (Fig. 6D); in NCI-H82-cells 

(Fig. 6E), a 50 ± 7% (p < 0.002) decrease, while in the case of NCI-N417 (Fig. 6F) the 

decrease was 29 ± 6% (p < 0.0001). Lastly, BRS-3/H1299-transfected-cells showed a 

monophasic DR-curve, reaching the maximal stimulation (96 ± 7%) of p42/44-MAPK 

phosphorylation at 1 μM of MK-5046 (Fig. 6A).

3.5. Transactivation of EGFR by activation of BRS-3 and the effect of the EGFR inhibitor, 
gefitinib, in human lung-cancer cells

Recent studies report that activation of BRS-3, similar to other BnRs, can stimulate EGFR-

transactivation [17,42,43,45]. Therefore, the ability of MK-5046 to stimulate EGFR-

transactivation in the cell-lines was investigated by assessing EGFR-tyrosine (Tyr1068) 

phosphorylation in 9 BRS-3-containing lung-cancer cell-lines and in 2 BRS-3-transfected-

cell-lines, BALB-3T3 and NCI-H1299 (Table 3). MK-5046 stimulated the transactivation of 

EGFR in 6 of 11 cell lines tested (Table 3). At concentrations of 10 nM and 100 nM, 

MK-5046 caused a significantly increase of EGFR tyrosine phosphorylation in BRS-3/

H1299, NCI-H727 and in NCI-N417 cell-lines (Fig. 7B, D and E, Table 3). In the SCLC line 

NCI-N417, MK-5046 increased significantly the phosphorylation of Tyr1068 of EGFR at 0.1 

nM and 10 nM, showing a biphasic response, with stimulation 2.86–fold (p < 0.05) higher 

with 0.1 nM than 10 nM of MK-5046 (Fig. 7D, Table 3). In addition, MK-5046 increased 

significantly the EGFR phosphorylation at 10 nM or at 100 nM in NCI-H69 cells and in the 

NSCLC line NCI-H358, respectively (Fig. 7A, C, Table 3). However, MK-5046 did not 

stimulate the EGFR transactivation in the NSCLC lines NCI-H460 and NCI-H520, hBRS-3/

Balb, carcinoid line NCI-H720 nor the SCLC line NCI-H82 (Table 3). In the carcinoid NCI-

H727 cell line, gefitinib (20 nM) significantly inhibited (p < 0.001) the EGFR 

transactivation stimulated by MK-5046 (100 nM) (Fig. 7F).
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3.6. Growth stimulation by BRS-3 agonist activation and effect of a EGFR inhibitor in 
lung-cancer cells

To study the ability of BRS-3 activation in lung-cancer cells to stimulate growth, an 

assessment of [3H]-Thymidine-uptake assay was performed after addition of MK-5046. 

MK-5046 significantly increased the [3H]-Thymidine-incorporation in the 11 different cell-

lines tested; 9 BRS-3-containing lung-cancer-cell-lines and 2 BRS-3-transfected-cell-lines 

(Table 3). The increase of [3H]-Thymidine-uptake stimulated by MK-5043 occurred in a 

dose-dependent manner in the 3 cell-lines investigated in detail (Fig. 8A) and its potency 

was high [NCI-H358 (EC50, 0.52 ± 0.07 nM); NCI-H727 (EC50, 0.31 ± 0.06 nM); NCI-H69 

(EC50, 0.27 ± 0.06 nM)]. In 2 of the cell-lines, NCI-H358 and NCI-H69, the dose-response 

curve was biphasic (Fig. 8A1, A3) with supramaximal MK-5046 concentrations causing in 

NCI-H358-cells, a 23% decrease (Fig. 8A1), and in NCI-H69-cells, an 87% decrease (Fig. 

8A3). However, in NCI-H727-cells (Fig. 8A2) the MK-5046, growth dose-curve showed 

was monophasic. The stimulation of cell proliferation induced by MK-5046 was completely 

inhibited by the EGFR tyrosine kinase inhibitor, gefitinib (20 nM) in the NSCLC-NCI-H358 

cell-line (Fig. 8B1) and the carcinoid-NCI-H727 cell (Fig. 8B2).

4. Discussion

Lung-cancer remains a leading cause of death worldwide [1] and is the leading cancer 

mortality in the United States, with approximately 160, 000 deaths in 2015 [2]. Although 

chemotherapy is the traditional method to treat lung-cancer, the low 5-yr survival rate after 

the treatment (16% [40]), has led to the development of other therapies including EGFR-

tyrosine-kinase inhibitors (TKIs). Through the inhibition of EGFR, the TKIs inhibit cellular 

proliferation and induce apoptosis of lung-cancer cells [22,46,72,74]. Successful treatment 

with TKIs (i.e., gefitinib, erlotinib), is reported after failed chemotherapy in patients with 

advanced non-small cell lung-cancers with known EGFR-driver mutations [36,69,77]. Also, 

recently studies show possible benefits of EGFR-TKIs for patients previously treated with 

chemotherapy for NSCLC cells with an EGFR wild-type [62,72]. In the case of small cell 

lung-cancers, however, TKI benefit has not been seen [32]. Even though many patients 

initially respond well to TKI therapies, almost all develop EGFR-TKIs resistance [12,72]. 

Because of EGFR-TKIs resistance and the fact that TKIs are successful mainly in lung-

cancers with EGFR mutations, which only represented at 10% of the cases, new therapeutic 

approaches are needed either alone or to improve the efficacy of TKIs by reducing cellular 

resistance and survival, but also to treat NSCLC EGFR wild-type and SCLC [27,32,35].

One area that is receiving increasing attention in lung-cancer, as well as other neoplasms, is 

the development of novel treatments using G protein-coupled receptors that are frequently 

overexpressed by the tumors [25,27,40,47,63,76]. The mammalian bombesin-receptor 

family (GRPR/NMBR), in the case of lung-cancer, is receiving considerable attention, 

because they are not only overexpressed in 25–100% of lung-cancer cells [24,45,52], but 

also have important growth effects, frequently functioning in an autocrine-manner 

[27,37,38,40,61]. Recent studies report that activation of BnRs in lung-cancer cells, as well 

as in other tumors, stimulates EGFR-transactivation through Src-dependent release of 

amphiregulin/TGFα, which results in increased survival of lung-cancer cells exposed to 
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EGFR-inhibitor anti-cancer therapies such as gefitinib [27,37,40,43]. Moreover, BnR-

inhibitors can suppresses tumor angiogenesis [47], increase cellular death [27,35] and 

improve potency of TKIs, such as gefitinib, either in EGFR-mutant or in EGFR wild-type 

lung-cancer [27,35,40,41]. Furthermore, the overexpression of BnRs by lung-cancer cells is 

increasingly being used to allow targeted imaging of tumors overexpressing these receptors, 

as well as the possibility of targeted delivery of cytotoxic agents [28,34].

The two established BnR subtypes, the gastrin–releasing peptide receptor (GRPR) and 

neuromedin B receptor (NMBR), have been well studied in lung-cancer and other cancers 

[21,38,45,49,59,70]. The orphan G protein-coupled receptor, BRS-3, is classified as a 

member of the bombesin-family of receptors, because of its high homology to GRPR/

NMBR [24]. Although BRS-3 is reported to be widely distributed in both peripheral tissues 

and the CNS, as well as in some tumors [24,40,49,70], in general there is only limited 

information of this receptor in lung-cancer. Several studies report the present of BRS-3 in 

lung-cancers, and in a few lung cancer-cell lines, the activation o0f BRS-3 stimulates 

growth, involving activation of MAPK, phospholipase C activation and EGFR-

transactivation [43,44]. Additional studies report that BRS-3 activation can promote 

metastasis formation and drug-resistance in SCLC cells [23]. The lack of information of 

BRS-3 is in part due to the fact that its natural ligand is unknown and also, until recently, in 

contrast to the GRPR/NMBR [9,20,49,67,68], there is a lack of selective agonists/

antagonists. Recently both, selective agonists/antagonists of BRS-3, have been described, 

proving specific pharmacological tools to study its activation and its involvement in 

physiological/pathophysiological process [40,44,49]. Therefore, because of the importance 

of the established BnRs (GRPR/NMBR) and their ligands in affecting lung-cancer growth/

signaling, their frequent overexpression in this tumor, as well as the increasing studies 

showing their presence in lung-cancer may lead to novel therapeutic approaches, we studied 

in detail BRS-3 expression comparing it to the expression of GRPR/NMBR and the effect of 

activation of the Bn-related orphan receptor, BRS-3 in a large number of different lung-

cancer cell-lines.

A number of our results support the conclusions that BnRs are widely distributed in lung-

cancer cells, that BRS-3 is more frequent and abundant in lung-cancer cells than previously 

reported, and that BnRs are abundant in each of the different subtypes of lung-cancer, but 

vary greatly in expression levels [24,35,52]. First, using nonquantitative-PCR, as used in all 

previous studies of lung-cancer BnR expression, we detected GRPR expression in 77% of 

the 13 lung-cancer cells and NMBR and BRS-3 expression in 62%. Second, using qRT-PCR 

for the first time in lung-cancer cells, we detected GRPR, NMBR and BRS-3 expression in 

higher frequency than using conventional non-quantitative PCR, as has been reported 

frequently with other assays in other cells [3,75]. A detailed analysis of serial dilutions of 

BRS-3 BALB 3T3 cDNA using both PCR methods confirmed that qRT-PCR had a 300-fold 

greater sensitivity in our assays than conventional nonquantitative PCR. In our study, GRPR, 

NMBR and BRS-3 expression using qRT-PCR, was detected in 85%, 85% and 92%, 

respectively, of the 13 lung-cancer cell-lines. Third, with qRT-PCR we found that in the 6 

NSCLC cell-lines, 100% expressed BRS-3, 83% GRPR and 67% NMBR; among the 5 

SCLC celllines, 80% expressed BRS-3, 80% GRPR and 100% NMBR; and that both 

carcinoid cells studied (100%) expressed BRS-3-receptor, GRPR and NMBR mRNA. 
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Fourth, with qRT-PCR, we found that in 50% of the SCLC and NSCLC cell-lines, as well as 

in lung carcinoid cells, the relative expression of BRS-3 was higher than GRPR/NMBR. 

Fifth, we found differences in expression levels of the three BnRs in the different lung-

cancer subtypes, with BRS-3 expression levels varying by 3120-fold in the different lung-

cancer cells, with the highest levels in SCLC cells. In contrast, the GRPR and NMBR 

expression varied by 538- and 60-fold, respectively, with the highest levels, in both cases, in 

NSCLC cells. Whereas the highest levels of BRS-3 tended to occur in the SCLC and 

carcinoid cell lines in contrast to GRPR where higher levels occurred in SCLC, NSLC and 

some carcinoids. However relative to each other’s expression, in 54% of all the lung cancer 

cell lines, BRS-3 was the most abundant including in 50% of carcinoid and NSCLC cell 

lines and in 67% of SCLC cell lines. Our results have both similarities and differences from 

previous studies, which all used nonquantitative-PCR to examine BnR levels in lung-cancer. 

Our results differ from previous studies examining BRS-3 expression in lung-cancer cells, 

which report its presence in only 29% of 56 lung-cancer cell-lines (n = 6 studies) 

[10,13,14,55,61,64], whereas we found it in 62% by this PCR method. Our results are 

similar to previous studies with NMBR/GRPR expression in different subtypes of lung-

cancer, which reported NMBR in 77% of 57 lung-cancer cells (n = 7 studies) 

[8,10,14,55,61,64,73] and GRPR in 66% of 61 different lung-cancer cell-lines examined (n 

= 7 studies) [8,10,14,55,61,64,73]. These results demonstrate that BRS-3, in contrast to 

previous studies, is as frequent in lung-cancer cells as the other BnRs, GRPR/NMBR and it 

is frequently present at high levels.

Our results support the conclusion that the BRS-3-receptor identified in the different lung-

cancer cells is functional and its activation results in stimulation of the phospholipase C 

cascade inducing changes in cytosolic calcium and phosphoinositides, similar to reported in 

a few other native cells and in BRS-3-transfected cells [40,44,54,55,71]. This conclusion is 

supported by a number of findings. First, the selective, BRS-3 agonist, MK-5046, increased 

within seconds the [Ca2+]i in 100% of BRS-3 positive lung-cancer cells, in a manner similar 

to that described previously in BRS-3-transfected cells [40,54]. These results are consistent 

with previous studies using nonselective agonists to activate BRS-3 in containing cells 

[23,40,54,71]. Second, MK-5046 stimulated phosphoinositide generation, which is a less 

sensitive measure of BRS-3 activation, in the 89% of the lung-cancer cells expressing BRS-3 

and in the BRS-3-transfected cells. This MK-5046 stimulation of [3H]IP production was 

characteristic of that seen in previous studies with MK-5046 in BRS-3-containing cells [44], 

in that it occurred in a dose-dependent manner with an EC50 in the nM range. That the 

changes in [3H]IP generation seen with MK-5046 were due to BRS-3 activation was 

supported by its antagonism by the selective, BRS-3 antagonist, Bantag-1 [44], but not by 

ME, a selective GRPR, antagonist [26], or PD16836, a NMBR, selective antagonist [37]. 

Our results demonstrate that the BRS-3-receptor present in lung-cancer cells is coupled to 

the phospholipase C signaling cascade and functionally active.

Similar to GRPR/NMBR, recent studies have reported that BRS-3 activation can stimulate 

activation of the ERK/MAPK cascade, as well as cell proliferation, which is mediated in 

large part by transactivation of EGFR in BRS-3 transfected cells and a few other cells 

[40,43,44,50,71]. A number of our results demonstrate that similar signaling and growth 

effects are presented in the different subtypes of BRS-3 lung-cancer cells studied. First, 
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MK-5046 rapidly stimulated p42/44 tyrosine phosphorylation in the 100% of the BRS-3 

containing lung-cancer cell-lines and in each of the BRS-3 transfected cells, and it occurred 

in a dose-dependent manner with an MK-5046 EC50 in the nanomolar range. These results 

are similar to previous studies using primarily nonselective, BRS-3 agonists, which reported 

p42/44 tyrosine phosphorylation in BRS-3 transfected cells, skeletal muscule cells and a few 

lung-cancer cells containing native BRS-3 [40,43,44,49,71]. Second, the BRS-3 selective 

agonist, MK-5046 stimulated EGFR-transactivation in 56% of the BRS-3 receptor lung-

cancer cell-lines and in NCI-H1299 BRS-3-transfected cells. These results are compared 

with those previously observed using nonselective agonists to activate BRS-3-transfected 

cells, which resulted in EGFR tyrosine phosphorylation through the activation of 

endogenous TGFα release [40,43], similarly to reported with other BnRs [27,37]. However, 

our results show a difference from previous studies with nonselective BRS-3 agonists, in 

which it was proposed that activation of the ERK/MAPK cascade, seen with BRS-3 

stimulation, occurs via EGFR-transactivation in BRS-3 transfected lung-cancer cells [40,43]. 

Our results suggest this is not the case in all BRS-3 containing lung-cancer cells, because in 

45% of the native BRS-3 lung-cancer cell-lines, BRS-3 activation stimulated ERK/MAPK 

activation, but it did not stimulate EGFR-transactivation. Third, MK-5046 stimulates [3H]-

Thymidine incorporation in 100% of the BRS-3 containing lung-cancer cell-lines, as well as 

in the BRS-3 transfected cells. Similar to activation of phospholipase C and MAPK, the 

increase of [3H]-Thymidine incorporation by MK-5046 occurred in a dose-dependent 

manner with a MK-5046 EC50 in the nanomolar range. Fourth, in 54% of the lung cancer 

cell-lines in which stimulation of BRS-3 activation resulted in EGFR transactivation, the 

growth-effect of BRS-3 in these lung cancer cell lines was due to the BRS-3 stimulated 

transactivation of EGFR. This was demonstrated by the ability of the EGFR tyrosine kinase 

inhibitor, gefitinib, to completely inhibit BRS-3 mediated EGFR transactivation and growth 

in two of these lung cancer cell lines showing EGFR transactivation. Our results are similar 

to findings using nonselective, BRS-3 agonists, which reported that BRS-3 activation could 

increase cellular growth in BRS-3 transfected cells and in NCI-H727 lung-cancer cells in an 

EGFR-dependent manner [40,43]. These results support the conclusion that stimulation of 

BRS-3 in different subtypes of lung-cancer cells can activate the ERK/MAPK signaling 

cascade and stimulate cellular proliferation/growth in an EGFR-dependent manner and 

EGFR-independent manner.

In summary, our results demonstrate that in lung-cancer cells, BRS-3 expression occurs 

more frequently than previously reported, that it occurs in all lung-cancer subtypes and that 

it is frequently highly expressed in the lung-cancer cells. The BRS-3 receptor in the lung-

cancer cell-lines is functionally coupled to signaling cascades, activating phospholipase C 

and stimulating changes in cytosolic [Ca2+]I, as well as to generation of phophoinositides 

and MAPK activation. Activation of BRS-3 results in lung-cancer cell proliferation and this 

occurs associated via EGFR-transactivation in some, but not all, lung-cancer cells. These 

results suggest that BRS-3 should receive increased attention, similar to that occurring with 

GRPR and NMBR in lung-cancer cells, as a possible approach for the development of novel 

treatments and/or diagnosis. GRPR/NMBR are receiving increased attention because of their 

frequent overexpression in lung-cancer cells, which are being explored for tumor 

localization and targeted delivery of cytotoxic agents [29,45,56]. Furthermore, there is 
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interest in the receptors because of their effects as autocrine growth factors and on tumor 

angiogenesis, as well as their ability to enhance the therapeutic effects of TKIs such as 

gefitinib, resulting in reduced cellular resistance and tumor cell survival [35,40,47]. Our 

results suggest that BRS-3 should be also considered as a potential candidate with important 

clinical applications, similar to the other mammalian Bn receptors, GRPR/NMBR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was partially supported by intramural funds of the NIDDK, NIH.

Abbreviations:

BALB 3T3 mouse embryonic fibroblast cells

Bn bombesin

BnR bombesin receptors

BRS-3 bombesin receptor subtype-3

BSA bovine serum albumin fraction V

CNS central nervous system

DMEM Dulbecco’s minimum essential medium

EGFR epidermal growth factor receptor

ERK extracellular signal-regulated kinases

h human

EC50 concentration causing half-stimulation

FBS fetal bovine serum

GPCR G-protein-coupled receptor

GRP gastrin-releasing peptide

GRPR gastrin-releasing peptide receptor

IC50 half maximal inhibitor concentration

IP inositol phosphate

m mouse

MAPK mitogen activated protein kinases

MK-5046 nonpeptide BRS3 agonist
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NMB neuromedin B

NMBR neuromedin B receptor

NSCLC nonsmall cell lung cance

peptide #1 [D-Tyr6 β-Ala11Phe13 Nle14]Bn-(6–14)

PBS phosphate buffered saline

PCR polymerase chain reaction

PLC phospholipase C

qPCR quantitative real time PCR

r rat

SCLC small cell lung cancer
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Fig. 1. 
Detection of human BRS-3 receptor, GRPR and NMBR expression by PCR in 13 different 

human lung-cancer cell types. The mRNA was isolated from 6 NSCLC, 5 SCLC and 2 

carcinoid cells (3 × 106 cells), and it was reverse transcribed into cDNA that was amplified 

using gene-specific primers for each bombesin receptor (BnR) and for β-actin (Product size: 

BRS-3, 120 bp; GRPR, 113 bp; NMBR, 131 bp and β-actin, 205 bp). The PCR products 

were analyze in 3% agarose gel and visualized by ethidium bromide staining. Total mRNA 

from transfected cells (hBRS-3, GRPR and NMBR) was used as control of each receptor 

and mRNA from β-actin was used as a PCR control in the lung-cancer cells. Note that most 

cell lines express at least one of the three BnRs. Each result is representative of three other 

experiments in which new cDNA was used.
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Fig. 2. 
Analysis of human BRS-3 receptor, GRPR and NMBR mRNA levels by quantitative RT-

PCR In 13 different human lung cancer cell types. Results from qRT-PCR In the 13 different 

human lung cancer cell lines tested, were normalized with the housekeeping gene β-actin 

and expressed as fold Increase over the positive mRNA-value of the NSCLC-NCI-H358 

cell-line, which expressed each BnR subtype, using the 2−ΔΔCtmethod. NCI-H358 positive 

mRNA-level for BRS-3 (A) was 31.02 ± 0.39 Ct with a β-actin ratio of 18.27 ± 0.58 Ct. In 

the case of GRPR (B), NCI-H358 mRNA level was 31.07 ± 0.39 Ct and the β-actin was 
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18.50 ± 0.68 Ct. The value of NCI-H358 mRNA level for NMBR (C) was 30.84 ± 0.56 Ct 

with a β-actin ratio of 18.41 ± 0.69 Ct. Numbers in parenthesis show the fold increase and 

ND indicates cell lines in which the indicated BnR sub-type was not detectable. The results 

are from at least six experiments and in each experiment the data points were determined in 

triplicate and new cDNA was used in each experiment.
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Fig. 3. 
Stimulation of changes in cytosolic Ca2+ by the BRS-3 selective agonist, MK-5046 in 

various BRS-3 containing lung cancer cells. Results are shown with 3 NSCLC cell lines (A), 

4 SCLC cell lines (B), 2 carcinoid cell lines (C) and 2 hBRS-3 transfected cells (D). All the 

cells (2.5 × 106 − 4 × 106 cells/ml) were loaded with 1 μM Fura-2AM and the cytosolic 

Ca2+ was determined after the addition of 10 nM of the nonpeptide agonist MK-5046. The 

results are representative of at least five experiments.
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Fig. 4. 
Ability of the BRS-3 agonist, MK-5046, to stimulate [3H]-Inositol phosphate ([3H]IP) 

generation in three lung-cancer cell lines. Results are shown with the NSCLC cell NCI-

H1299 transfected with hBRS-3 receptor (A), in the carcinoid cell NCI-H720 (B) and in the 

SCLC cell NCI-H69 (C). After loading the cells with 3μCi/ml of myo-[2–3H] inositol, each 

cell type was incubated with the indicated concentrations of MK-5046 for 60 min at 37 °C. 

The results are expressed as the percentage of increase over control (no treatment with 

MK-5046). The [3H]IP measurement was determined as described in Materials & Methods. 
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The results are the mean ± S.E.M. from at least five experiments and in each experiment the 

data points were determined in duplicate. In the hBRS-3-NCI-H1299 cells (A), the maximal 

stimulated [3H]IP value by 100 nM of MK-5046 was 10,144 ± 1310 dpm and the control 

value was 1169 ± 88 dpm (n = 21). In NCI-H720 cells (B), the maximal stimulated [3H]IP 

value was 375 ± 31 dpm reached at 10 nM of MK-5046 and the control value was 268 ± 23 

dpm (n = 10). In NCI-H69 cells (C), the maximal stimulated [3H]IP value by 100 nM of 

MK-5046 was 834 ± 66 dpm and the control value was 177 ± 27 dpm (n = 8).
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Fig. 5. 
Stimulation of p42/44 MAPK phosphorylation by MK-5046 in 4 different hBRS-3 lung 

cancer cells. Result are shown with NSCLC-NCI-H520 (A), NSCLC-NCI-H358 (B), 

NSCLC-NCI-H460 (C) and SCLC-NCI-H510 (D). Representative p42/44 Western blots of 

the human lung cancer cells treated with 10 nM and 100 nM of MK-5046 for 3 min at 37 °C, 

are shown in the top of each panel. In the bottom of each panel are shown the mean ± 

S.E.M. from at least five experiments and each experiment was determined in duplicate. 

Results are expressed as the percentage of increase over control (no treated with MK-5046). 

*p < 0.01 vs control. **p < 0.0001 vs control.
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Fig. 6. 
Dose-response of p42/44 MAPK phosphorylation stimulated by MK-5046 in various BRS-3 

positve cell lines. Hown are resluts from hBRS-3-transfected NCI-H1299 cells (A), in 2 

carcinoid cell lines, NCHI-H727 and NCI-H720 (B & C), and in 3 different SCLC cell lines, 

NCI-H69, NCI-H82 and NCI-N417 (D–F). In each panel, at the top, is shown a 

representative Western blot of the activation of p42/44 in each of the cells treated with 

different MK-5046 concentrations. In the bottom of each panel are shown the mean ± 

S.E.M. from at least five experiments and each experiment was determined in duplicate. 

Results are expressed as the percentage of increase over control (not treated with MK-5046).
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Fig. 7. 
EGFR transactivation stimulated by MK-5046 (A–E) in 5 different human lung cancer cells 

and the ability of gefitinib to inhibit the EGFR transactivation stimulated by MK-5046 (F). 

Representative Western blots of EGFR-tyrosine phosphorylation stimulated by MK-5046 are 

shown at the top of each panel. At the bottom of each panel are shown the mean ± S.E.M. 

from at least five experiments and each experiment was determined in duplicate. Results are 

expressed as the percentage of increase over control (no treated with MK-5046). Panel F 

show the results on MK-5046 stimulated EGFR transactivation after preincubation with the 

EGFR tyrosine kinase inhibitor, gefitinib. *p < 0.01 vs control; **p < 0.001 vs control; ***p 

< 0.0001 vs control; #p < 0.001 vs MK-5046.
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Fig. 8. 
Ability of MK-5046 to stimulate cell growth in a dose-dependent manner (Panel A) and 

effect of gefitinib on MK-5046 stimulated growth (Panel B) in various lung-cancer cell lines. 

In panel A, the cells were incubated for 24 h in serum-free medium with different MK-5046 

concentrations (1 pM to 1 μM), while in panel B, cells were incubated for 24 h in 10 nM of 

MK-5046 and 20 μM of gefitinib. Cell growth was evaluated by [3H]-Thymidine uptake as 

described in Materials and Methods. Results are the mean ± S.E.M. from at least six 

experiments each experiment was determined in duplicate. Results in both panels are 

expressed as the percentage of increase over control (no treated either with MK-5046 or 

gefitinib). *p < 0.05 vs control; **p < 0.005 vs control; #p < 0.005 vs MK-5046; ##p < 

0.0005 vs MK-5046.
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Table 1

Ability to activate phospholipase C causing [3H]IP production, Ca2+ release and MAPK phosphorylation by 

the selective BRS-3 agonist, MK-5046, in human lung-cancer cells.

[3H]IP (Exp/control) Ca2+ release (% over basal) P-p42/44 (Exp/control)

MK-5046 [10 nM] MK-5046 [100 nM] MK-5046 [10 nM] MK-5046 [10 nM] MK-5046 [100 nM]

NSCLC

NCI-H358 1.50 ± 0.15
** 1.02 ± 0.10 1.65 ± 0.43

*
2.33 ± 0.34

*
2.82 ± 0.29

***

NCI-H460 1.63 ± 0.18
* 1.24 ± 0.16 5.77 ± 1.41

** 1.07 ± 0.16 3.38 ± 0.46
***

NCI-H520 1.84 ± 0.36
* 1.00 ± 0.18 2.60 ± 0.40

*
1.88 ± 0.24

**
2.32 ± 0.21

***

BRS-3 transfected

NCI-H1299 7.63 ± 0.77
***

8.97 ± 0.42
***

8.04 ± 0.55
*** 1.54 ± 0.28 2.16 ± 0.34

**

Balb-3T3 7.50 ± 0.68
***

7.96 ± 0.47
***

7.43 ± 1.22
** 1.85 ± 0.21***

1.41 ± 0.24
*

Carcinoid

NCI-H727 2.59 ± 0.22
***

1.46 ± 0.20
*

6.26 ± 1.43
*

2.41 ± 0.34
**

1.73 ± 0.20
*

NCI-H720 1.64 ± 0.22
* 1.55 ± 0.41 2.40 ± 0.28

**
2.53 ± 0.39

**
2.36 ± 0.55

**

SCLC

NCI-H69 3.38 ± 0.17
***

4.81 ± 0.44
***

3.09 ± 0.67
**

1.95 ± 0.18
***

1.75 ± 0.17
***

NCI-H82 2.09 ± 0.33
* 1.61 ± 0.32 9.00 ± 1.11

***
1.50 ± 0.10

***
2.16 ± 0.26

***

NCI-N417 4.31 ± 1.03
**

3.94 ± 1.00
**

4.40 ± 0.62
***

1.64 ± 0.25
** 1.03 ± 0.10

NCI-H510 1.12 ± 0.05 1.00 ± 0.05 2.94 ± 0.52
**

2.22 ± 0.13
***

1.70 ± 0.26
*

Data, mean ± SEM, are expressed as percentage of the change of [Ca2+]I caused by addition of 10 nM MK-5046 or as value of [3H]-IP or P-

p42/44 in the experimental samples divided by control (not MK-5046 treated). Data are from 5 to 18 separated experiments.

Abbreviations: NSCLC (non-small cell lung-cancer); SCLC (small cell lung-cancer); Exp/cont (Experimental sample/control).

*
p < 0.05.

**
p ≤ 0.01.

***
p ≤ 0.0001 vs control.
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Table 2

Ability of various bombesin receptor antagonists, Bantag-1 (BRS-3), PD168368 (NMBR) and ME (GRPR), to 

inhibit phospholipase C and [3H]IP production in human lung-cancer

[3H]IP (DPM)

SCLC Carcinoid BRS-3 transfected

NCI-H69 NCI-N417 NCI-H727 Balb-3T3

Control 177 ± 27 660 ± 87 143 ± 21 2487 ± 185

MK-5046

10 nM 597 ± 29
***

2850 ± 571
***

371 ± 32
***

18657 ± 1698
***

MK-5046

  10 nM

+ Bantag 256 ± 56
##

678 ± 82
##

215 ± 25
##

3697 ± 1064
###

  100 nM

Peptide 
#
1

10 nM 680 ± 73
***

2131 ± 244
***

235 ± 25
**

16341 ± 1071
***

Peptide 
#
1

+ Bantag 265 ± 35
##

1125 ± 154
### 176 ± 27 4980 ± 503

###

  100 nM

+ ME 1 μM 476 ± 128 2513 ± 662 189 ± 56 16107 ± 100

+ PD 1 μM 471 ± 121 2176 ± 518 157 ± 48 15006 ± 769

NMB

100 nM 186 ± 20 706 ± 132 278 ± 48
* 2697 ± 720

1 μM 187 ± 37 707 ± 137 178 ± 30 2652 ± 838

GRP

100 nM 180 ± 19 881 ± 204 254 ± 40
* 2519 ± 744

1 μM 200 ± 41 724 ± 138 164 ± 32 2537 ± 769

Data, mean ± SEM, are expressed as DPM from 5 to 32 separated experiments. Abbreviations: NSCLC (non-small cell lung-cancer): SCLC (small 

cell lung-cancer); ME ([D-Phe6]Bombesin-(6–13)-methyl ester); peptide #1 ([D-Tyr6, β-Ala11, Phe13, Nle14]Bn-(6–14).

#
p < 0.05.

*
p < 0.05.

**
p≤0.01.

***
p ≤ 0.0001 vs control.

##
p ≤ 0.01.

###
p ≤ 0.0001 vs BRS-3 agonist (MK-5046 or peptide #1).
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Table 3

Ability of the h-BRS-3 agonist, MK-5046, to stimulate 3H-Thymidine uptake and the EGFR transactivation in 

human lung-cancer cells.

EGFR transactivation (Exp/control) [3H]-Thymidine Incorporation (Exp/control)

MK-5046 [10 nM] MK-5046 [100 nM] MK-5046 [10 nM] MK-5046 [1 μM]

NSCLC

NCI-H358 NS 1.60 ± 0.18
***

1.20 ± 0.05
**

1.15 ± 0.06
*

NCI-H460 NS NS 1.29 ± 0.07
* 1.07 ± 0.07

NCI-H520 NS NS 1.27 ± 0.10
* 1.07 ± 0.14

BRS-3-transfected

NCI-H1299 3.39 ± 0.79
**

3.76 ± 0.99
*

1.41 ± 0.06
**

1.27 ± 0.11
*

Balb-3T3 NS NS 1.00 ± 0.04 1.24 ± 0.07
*

Carcinoid

NCI-H727 1.57 ± 0.09
***

1.96 ± 0.31
**

1.41 ± 0.18
*

1.47 ± 0.16
**

NCI-H720 NS NS 1.15 ± 0.04
*

1.17 ± 0.03
*

NSCLC

NCI-H69 1.81 ± 0.05
** 1.00 ± 0.09 1.36 ± 0.09

* 0.76 ± 0.07

NCI-H82 NS NS 1.08 ± 0.08 1.17 ± 0.05
*

NCI-N417 1.90 ± 0.26
*

1.31 ± 0.05
**

1.29 ± 0.08
*

1.26 ± 0.07
*

NCI-H510 1.99 ± 0.23
**

2.36 ± 0.32
*
 (0.1 nM)

#
1.39 ± 0.04

***
1.36 ± 0.10

*

Data, mean ± SEM, are expressed as value of P-EGFR or [3H]-thymidine incorporation in the experimental samples divided by control (not 
MK-5046 treated). Data are from 5 to 16 separated experiments.

Abbreviations: NSCLC (non-small cell lung-cancer); SCLC (small cell lung-cancer); NS (no stimulation).

#
MK-5046 0.1 nM.

*
p ≤ 0.05.

**
p ≤ 0.01.

***
p ≤ 0.0001 vs control.
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