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Abstract Mammalian bombesin-like peptides gastrin-releasing peptide (GRP) and neuromedin B (NMB) are 
regulatory neuropeptides involved in numerous physiologic processes, and have been implicated as autocrine and/or 
paracrine growth factors in human lung carcinoma. Three structurally and pharmacologically distinct hombesin 
receptor subtypes have been isolated and characterized: the gastrin releasing peptide receptor (GRP-R), the neurome- 
din B receptor (NMB-R), and bombesin receptor subtype-3 (BRS-3). The three receptors are structurally related, sharing 
about 50% amino acid identity. They are members of the G-protein coupled receptor superfamily with a seven predicted 
transmembrane segment topology characteristic of receptors in this family. The signal transduction pathway for GRP-R 
and NMB-R involves coupling to a pertussis-toxin insensitive G-protein, activation of phospholipase C (PLC), generation 
of inositol trisphosphate (IP3), release of intracellular calcium, and activation of protein kinase C. While all three 
bombesin receptors are activated by bombesin agonists, GRP-R, NMB-R, and BRS-3 have very different affinities for the 
mammalian bombesin-like peptides GRP and NMB, as well as bombesin receptor antagonists. The three bombesin 
receptor subtypes are expressed in an overlapping subset of human lung carcinoma cell lines. Any therapeutfc strategy 
based on modulation of bombesin growth responses in human lung carcinoma would be well served to take into 
account the pharmacologic heterogeneity of the relevant receptors. o 1996 Wiley-hss, Inc.* 
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Bombesin is a tetradecapeptide originally pu- 
rified from the skin of the European frog Bom- 
bina bombina [ 11. Many bombesin-like peptides 
with related C-terminal octapeptide structures 
were subsequently isolated from various amphib- 
ians and classified into three subfamilies (bombe- 
sin, ranatensin, and phyllolitorin) based on the 
sequence of the last three residues in their ami- 
dated C-terminal domain [a]. Two mammalian 
bombesin-like peptides been identified and char- 
acterized: gastrin-releasing peptide (GRP) [ 31 in 
the bombesin subfamily, and neuromedin B 
(NMB) 141 in the ranatensin subfamily. As yet, 
no mammalian counterpart to the amphibian 
phyllolitorin peptides has been identified at ei- 
ther the gene or peptide level. 

Mammalian bombesin-like peptides have been 
associated with a wide spectrum of physiologic 
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effects, including regulation of secretion, growth, 
and neuromodulation [reviewed in ref. 51. In 
normal tissues, bombesin-related peptides stimu- 
late growth of normal bronchial epithelial cells 
[61 and endometrial stromal cells [7]. The growth 
stimulatory properties of bombesin in Swiss 3T3 
fibroblasts [BI have been used to great advan- 
tage as a model system, providing significant 
insights into the biochemical and genetic changes 
leading to cell proliferation. Furthermore, 
bombesin can regulate reorganization of the ac- 
tin cytoskeleton, an important component of 
many cellular processes including cell division, 
by stimulating accumulation of the small GTP- 
binding proteins Rho and Rac in the active GTP- 
bound state. Accumulation of activated Rac leads 
to membrane ruffling, while activated Rho re- 
sults in stress fiber formation [91. 

Several observations indicate that growth 
stimulation by mammalian bombesin-like pep- 
tides plays a significant role in human neoplasia. 
Immunocytochemical studies demonstrated the 
presence of bombesin-like immunoreactivity 
[10,111 and gastrin-releasing peptide mRNA [ E l  
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in many human small cell lung cancer (SCLC) 
tumors and cell lines. The clonal growth of some 
SCLC cell lines in soft agar was increased by 
addition of bombesin and gastrin-releasing pep- 
tide [13]. A neutralizing monoclonal antibody 
(2A11) directed against the C-terminal domain 
of bombesin, the peptide domain critical for 
receptor binding, attenuated growth of some 
human SCLC cells both as soft agar clones in 
vitro and nude mouse xenografts in vivo 1141. 
Potent bombesin receptor antagonists inhibited 
the growth of bombesin-receptor positive, but 
not receptor negative, SCLC cells in vivo and in 
vitro [15-171. These findings indicate that mam- 
malian bombesin-like peptides can function as 
autocrine growth factors of potential impor- 
tance in the pathogenesis and progression of 
some human lung carcinomas. 

Bombesin-mediated growth may also be rel- 
evant in other malignancies besides lung cancer. 
Immunohistochemical analysis of human pros- 
tate tumors revealed that about half of the speci- 
mens showed features of neuroendocrine differ- 
entiation, many of which were positive for 
bombesin-like immunoreactivity [ 181. In a study 
of the human prostate cancer cell line PC-3, 
GRP receptors and bombesin-dependent growth 
stimulation were observed [191. A bombesin re- 
ceptor antagonist inhibited growth of nude 
mouse xenografts established using the prostate 
cancer cell line PC-82 [201. 

Bombesin was also shown to stimulate the 
proliferation of human breast carcinoma cells in 
culture [21,221, or as nude mouse xenografts 
[231. Expression of the gastrin releasing peptide 
gene [241 and GRP receptors [251 were reported 
in human breast cancer cell lines. The bombesin 
receptor antagonist RC-3095 was also shown to 
inhibit the growth of human breast cancer cell 
lines [26], suggesting the possibility that gastrin- 
releasing peptide may function as an autocrine 
or paracrine growth factor in some breast cancer 
cells. Given these findings, attenuation of bombe- 
sin-mediated responses, or intracellular path- 
ways which mediate these growth-regulatory 
responses, may provide a means for interfering 
with the growth of bombesin-dependent cells in 
several different tumor types. 

It has proven difficult to analyze the func- 
tional properties of bombesin receptors mediat- 
ing these effects in the context of a human 
tumor cell. Typically, the number of receptors 
per cell is low, and often there is more than one 
receptor subtype expressed by the same cell. 

Both of these variables complicate functional 
and pharmacologic studies of the bombesin sig- 
nalling pathway. To precisely determine the 
functional and pharmacologic properties of a 
specific receptor, it is very useful to design model 
systems where the receptor is expressed at uni- 
formly high levels in the absence of other recep- 
tor subtypes with overlapping functional proper- 
ties that could complicate the study. These model 
systems are developed by obtaining cDNA clones 
for the family of mammalian bombesin recep- 
tors, and expressing the receptors in appropri- 
ate host cells that do not express their own 
endogenous bombesin receptors. 

Recently, we [27-301 and others [31,321 have 
cloned and characterized three structurally and 
pharmacologically distinct human bombesin pep- 
tide receptor subtypes: GRP-R, NMB-R, and 
bombesin receptor subtype-3 (BRS-3). In this 
study, the properties of these three bombesin 
receptor subtypes are summarized, and the pat- 
tern of expression in a panel of human lung 
carcinoma cell lines was studied using a very 
sensitive and specific assay involving reverse 
transcription of mRNA followed by polymerase 
chain reaction (RTIPCR) [331. 

MATERIALS AND METHODS 
Isolation and Characterization of Bombesin 

Receptor cDNAs 

Procedures used for isolation and characteriza- 
tion of cDNA and genomic clones encoding the 
murine GRP-R [27,301, rat NMB-R [281, human 
GRP-R and NMB-R [291, and human BRS-3 [301 
are found in the indicated references. 

Reverse Transcription1 Polymerase Chain 
Reaction (RT/PCR) Assay to Detect Bombesin 
Receptor mRNAs Expressed in Human Lung 

Cancer Cell Lines 

Lung cancer cell lines were kindly provided by 
Drs. J. Minna and A. Gazdar, and their histologi- 
cal typing summarized in Corjay et al. [291. 
Total RNA was isolated from cultured cells as 
described [341. Total RNA was reverse tran- 
scribed using gene-specific antisense oligonucleo- 
tide primers complementary to 3’ untranslated 
sequences in receptor mRNAs (huGRP-R: 

5‘GTTCTCTCCAGGTAGTGAGTT 3‘; huBRS-3: 
5’CCTGCACACAGCTTAGAGTC 3’). One mi- 
crogram total RNA, 100 ng gene specific primer, 
and water were combined in 10 p1 volume, incu- 

5’TTCCTGTCTAGCCATAAAGC 3’ ; huNMB-R: 
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bated at 70°C for 2 min, and placed on ice. The 
following reagents were added to the primer and 
RNA: 4 p15 x RT buffer (250 mM Tris pH 8.3, 
375 mM KC1,15 mM MgC1,; Bethesda Research 
Labs, Gaithersburg, MD), 2 p1 0.1 M DTT, 4 p1 
2.5 mM dGTP, dATP, dTTP, dCTP, 1 pl RNasin 
(Promega, Madison, WI), 1 p1 Moloney-MLVm 
reverse transcriptase (200 U/p1; Bethesda Re- 
search Labs). The reverse transcription reaction 
was incubated at 42°C for 1 h, and the enzyme 
heat inactivated by incubation at 70°C for 5 min. 
This cDNA served as template for the polymer- 
ase chain reaction (PCR). 

In the PCR reaction, the gene-specific PCR 
primers for each receptor mRNA were resus- 
pended at 100 ng/pl in water: GRP-R sense primer, 
5'TTAAAGAAGGCAAAGAGC 3'; GRP-R anti- 
sense primer, 5'ATCTTCATCAGGGCATGGGA 3'; 
NMB-R sense primer, 5'GTGGGCGTTCAGTCCT- 
CAGG 3'; NMB-R antisense primer, 5'ACTTCT- 
GAAAACACCGCTTC 3'; BRS-3 sense primer, 
5'GGCTCAAAGGCAGCCTCACT 3'; BRS-3 anti- 
sense primer, 5 ' A G T C T T C A G G A T G G G  3'. 
The PCR sense and antisense primer pairs were 
chosen such that they spanned an intron, so 
that only a cDNA template, and not genomic 
DNA, could be successfully amplified to give a 
PCR product of the predicted size. 

The PCR reaction was performed essentially 
as described, using a commercially available kit 
(GeneAmpm, US Biochemicals, Cleveland, OH). 
The reactions were assembled as follows: 1 p1 
cDNA from the reverse transcription reaction, 
10 x PCR buffer (100 mM Tris, pH 8.3,500 mM 
KC1,15 mM MgCl,, 0.01% [w/v] gelatin [Type A 
porcine]), 8 pl 2.5 mM dGTP, dATP, dTTP, 
dCTP, 1 pl each of the gene specific sense and 
antisense primers, 78 p1 water, 1 p1 Amplitaqm 
Taq DNA polymerase (US Biochemicals), over- 
layed with 50 p1 mineral oil. The reaction was 
cycled using a DNA Thermal Cycler (Perkin 
Elmer, Norwalk, CT) for 35 rounds of: 94"C, 1 
min; 50"C, 1 min, 72"C, 1 min. The reaction was 
extended for 5 min at 72°C at the end of the last 
cycle. 

Ten microliter PCR product from each sample 
was analyzed by agarose gel electrophoresis us- 
ing established methods [341. The predicted sizes 
of the PCR products were: GRP-R, 586 bp; 
NMB-R, 617 bp; BRS-3, 489 bp. Agarose gels 
were blotted to nitrocellulose membranes using 
established methodology [34], and were baked 
at 80°C for 30 min to fix the transferred DNA. 
Membranes were hybridized to gene-specific oli- 

gonucleotide probes complementary to  cDNA 
sequences located between the PCR primers 
(GRP-R, 5'-CCTGGCTGACAGATGGCTATTT- 
3'; NMB-R, 5'-CCCAGCAAGCCCACGGTGAT- 
3 ' ; BRS-3, 5'-TCCTTCTGCAAGGTAGTGAG-3 ' ) . 
The primers were end-labelled using gamma- 
32P-ATP (3,000 Ci/mMol) and T4 polynucleo- 
tide kinase as described [34]. Membranes were 
hybridized in 40% (v/v) formamide, 0.6 M NaC1, 
60 mM NaCitrate, 20 mM Tris pH 7.4,20 pg/ml 
denatured herring sperm DNA, 10% (w/v) dex- 
tran sulfate, 0.02% (wiv) bovine serum albu- 
min, 0.02% (w/v) Ficoll400,0.02% (w/v) polyvi- 
nylpyrrolidone, 5 x lo5 cpm/ml labelled 
oligonucleotide probe at  room temperature 
(22°C) overnight. After hybridization, the filters 
were washed twice for 10 min each in several 
hundred ml of 0.3 M NaC1, 30 mM NaCitrate, 
pH 7.0, 0.1% (w/v) SDS, and twice in several 
hundred ml of 15 mM NaC1, 1.5 mM NaCitrate, 
pH 7.0,0.1% (w/v) SDS for 10 min each at 32°C. 
After washing, the filters were exposed to Kodak 
X-AR film for several hours to generate autora- 
diograms. 

RESULTS 

Figure 1 shows an amino acid comparison of 
the amphibian peptides bombesin and ranaten- 
sin with their mammalian counterparts gastrin 
releasing peptide and neuromedin B, respec- 
tively. Gastrin-releasing peptide is most similar 
to bombesin, while neuromedin B is more simi- 
lar to ranatensin. Note the structural similarity 
of all four peptides at their amidated C-termini 
(Trp-Ala-Val/Thr-Gly-His-Leu/Phe-Met-NH2), 
and the lack of conserved sequence over the 
amino terminal domain of the peptides. The 
conserved C-terminus appears to be the critical 
domain for binding to high affinity receptors 
[35], conferring biological activity in mamma- 
lian systems; the remarkable conservation of 
this domain explains why the amphibian bombe- 
sin-like peptides elicit potent responses in mam- 
mals. 

The nucleotide sequence of the coding regions 
of five mammalian bombesin receptor cDNAs is 
shown in Figure 2, with the sequences aligned to 
maximize homology. The corresponding pre- 
dicted coding sequences of the same five recep- 
tor cDNAs are aligned in Figure 3. As expected, 
mammalian homologs of the same receptor 
(mouse GRP-R and human GRP-R, 90% iden- 
tity; rat NMB-R and human GRP-R; 89% iden- 
tity) are more similar in amino acid sequence 
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HumanNMB: 

Bombesin: 

Human GRP: 

BOMBESIN 

RANATENSIN Ranatensin: i SUBFAMILY 

Fig. 1. Amino acid comparison of the amphibian peptides bombesin and ranatensin with their mammalian relatives 
CRP and NMB, respectively. Note the remarkable sequence identity over the seven C-terminal amino acids (boxed), 
the peptide region critical for receptor binding. 

than two distinct receptor subtypes from the 
same species (human GRP-R and human 
NMB-R; 55% identity) (Fig. 3). The five recep- 
tors show the greatest degree of similarity in the 
seven hydrophobic transmembrane domains 
(TM I-VII), while the predicted extracellular 
domains (el-4) are less well conserved. These 
observations are consistent with the hypothesis 
that conserved residues in these domains may 
play an important role in determining the ligand 
binding pocket. Three conserved sites for poten- 
tial phosphorylation by protein kinase C are also 
noted in intracellular domains 3 and 4 (vertical 
boxes with asterisks, Fig. 3). 

The signal transduction pathway utilized by 
GRP-R (Benya et al., manuscript in prepara- 
tion) and NMB-R expressed after transfection 
into Balb 3T3 fibroblasts [36,37] has been stud- 
ied in detail. For both receptors, ligand binding 
results in activation of a pertussis toxin insensi- 
tive guanine nucleotide binding protein (G- 
protein), which activates phospholipase C result- 
ing in an increase in inositol trisphosphate, 
followed rapidly by transient elevation in intra- 
cellular calcium. Due to the lack of a high a n -  
ity agonist, detailed characterization of the sig- 
nal transduction properties of BRS-3 has not 
been performed. The bombesin-dependent BRS-3 
electrophysiologic assay performed in Xenopus 
oocytes [301 monitors the opening of a calcium 
dependent chloride channel, suggesting that the 
BRS-3 signal transduction pathway also in- 
volves a transient elevation in intracellular cal- 
cium. 

The binding properties of GRP-R and NMB-R 
transfected into Balb 3T3 fibroblasts are com- 
pared in Table I. Quantitative ligand displace- 
ment of [1251]Tyr4bombesin shows the distinct 

binding properties of these two receptors, with 
the rank order of affinity for binding to GRP-R 
(GRP, [D-Phe61bombesin (6-13) ethyl ester 
antagonist > NMB) differing from NMB-R 
(NMB > GRP, [D-Phe6 lbombesin (6-13) ethyl 
ester antagonist). Bombesin binds both recep- 
tors with high affinity (Ki = 1-3 nM). Neither 
GRP nor NMB appear to be high affinity ligands 
for BRSS [30,321. Micromolar levels of GRP, 
NMB, or BN are needed to elicit responses from 
BRS-3 expressed in Xenopus oocytes [301, while 
nanomolar concentrations of high affinity li- 
gands for GRP-R and NMB-R elicit responses in 
the same assay [27-291. 

The pattern of expression of these three phar- 
macologically distinct bombesin receptors was 
examined in a panel of human small cell lung 
carcinoma cell lines. The expression of tran- 
scripts encoding the three human bombesin re- 
ceptor subtypes (huGRP-R, huNMB-R, hu- 
BRS-3) was assayed by reverse transcription 
followed by polymerase chain reaction using 
gene-specific primers (RT/PCR). This assay is 
the most sensitive assay available for mRNA 
detection [331, and was chosen because the lev- 
els of GRP-R and NMB-R mRNAs detected in 
bombesin responsive cell lines were shown to be 
very low using a less sensitive but quantitative 
RNase protection assay in an earlier study [29]. 
Representative results are shown in Figure 4, 
and results from a panel of cell lines are summa- 
rized in Table 11. Expression of GRP-R, NMB-R, 
and BRS-3 mRNA is widespread in human lung 
carcinoma cell lines, with most cell lines express- 
ing at least one of the three receptors and many 
cell lines expressing more than one receptor 
(H345, for example). 
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Fig. 2. Nucleotide sequence comparison of coding domains of 
five cloned mammalian bombesin receptors. The nucleotide 
sequences are aligned to maximize sequence identity at a givel 
position. Boxes designate sequences encoding the seven trans- 
membrane protein domains characteristic of C protein-coupled 
receptors. The conserved location of two introns dividing the 

coding regions is indicated. The receptor sequences shown are 
as follows: Mogrp-R, mouse gastrin releasing peptide receptor 
[27]; Hugrp-R, human gastrin releasing peptide re( eptor 1291; 
Hubrs-3, human bombesin receptor subtype 3 [301, Hunmb-R, 
human neuromedin B receptor [29]; Ratnmb-R, rat neuromedin 
B receptor [28]. 
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1 e l  TM-I 60 
.... MAPNNC SHLNLDVDPF LSCNDT..FN QSLSPPKMDN 
.... MALNDC FLLNLEVDHF MHCNIS...S HSADLPVNDD 
MAQRQPHSPN QTLISITNDT ESSSSWSND NTNKGWSGDN 
.... MPSKSL SNLSVTTGAN ESGSVPEGWE RDFLPASDGT 
.... MPPRSL PNLSLPTEAS ESELEPEVWE NDFLPDSDGT 

ITLIK IFCTVKSMRN SKYLA DRWLFGRIGC 

IMLVK IFLTNSTMRS SRYFF DEWVFGKLGC 

e3 TM-V 240 
PEA SDLHP FHVKDTNQTF ISCAPYPHSN ELHPKIHSMA 
PEA SDLHP FHEESTNQTF ISCAPYPHSN ELHPKIHSMA 
PEA SNWT FRDPNKNMTF ESCTSYPVSK KLLQEIHSLL 
PEA SEVAR 1.SSLDNSSF TACIPYPQTD ELHPKIHSVL 4 PEA SEVAR 1.GSSDNSSF TACIPYPQTD ELHPKIHSVL 

2 4 1  i3 TM-VI 300 * 
~ L I Q S A Y N  LPVEGNIHVK KQI-LA K ~ V F V G L F  AFCWLPNHVI YL*SYHYSE 

LIQSAYN LPVEGNIHVK KQI 
TLYKSTLN IPTEEQSHAR KQI 
TLIKSAHN LPGEYNEHTK KQM 
TLIRSAHN LPGEYNEHTK KQM 

i4 360 
FNTQLLCCQP GLMNRSHS.. 
FNTQLLCCQP GLIIRSHS.. 

KSFQKH FKAQLFCCKA ERPEPPV . . .  
FNSQLCCGRK SYQERGTSYL 
FNSQLCCGQK SYPERSTSYL 

TM-VII * 301 e4 

405 
TNPS.AT FSLINRNICH E G W  . . . . . . . . . . .  
TNPSVAT FSLINGNICH ERW... . . . . . . . .  

* 361 

... ADTSLTT LAVMGTVPGT GSIQMSEISV TSFTGCSVKQ AEDRF 
N A K "  NSVLLNGHSM KQE MAM.... . . . . .  
NAKNWT NSVLLNGHST KQEIAL . . . . . . . . .  

Fig. 3. Amino acid sequence comparison of fivecloned bombe- 
sin receptors. The amino acid sequences are aligned to maxi- 
mize sequence similarity. Note the remarkable sequence simi- 
larity in regions of the seven putative transmembrane domains 
(TM-I to TM-VII). Four extracellular domains (el-e4) and four 

intracellular domains (il-i4) are indicated, as well as three 
consensus protein kinase C phosphorylation sites (boxed, with 
asterisks) in the i3 and i4 domains which may mediate receptor 
desensitization by interfering with coupling to G-proteins. 
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TABLE I. Displacement of [1251]Tyr4 Bombesin 
Binding by GRP, NMB, and the Antagonist 

[D-Phee]Bombesi%13 Ethyl Ester* 

K, (nM) 
Subtype GRP NMB Antagonist 

TABLE 11. Bombesin Receptor Subtype mRNA 
Expression in Lung Cancer Cell Lines as 

Determined by RT/PCR* 

Cell line 
and morphological type GRP-R NMB-R BRS-3 

MoGRP-R 2 62 1.6 
RatNMB-R 43 2 > 1,000 

Displacement of [12511Tyr4bombesin binding by GRP, NMB, 
and the antagonist [D-Phe61bomhesing13 ethyl ester. The 
whole cell binding assay was performed as described [28]. 
Note the remarkable difference in affinity for the antagonist 
seen when GRP-R and NMB-R are compared. BRS-3 does 
not bind the labelled bombesin tracer with sufficient affinity 
to accurately measure displacement above background in 
this assay. 

Small cell lung carcinoma 
NCI-H69 
NCI-H82 
NCI-H209 
NCI-H345 
NCI-N417 
NCI-H510 
NCI-N592 

Carcinoid 
NCI-H720 
NCI-H727 

Non-small cell lung 
carcinoma 

NCI-H23 
NCI-H125 
NCI-H157 
NCI-H226 
NCI-H322 
NCI-H358 
NCI-H441 
NCI-H460 
NCI-H520 
NCI-H661 
NCI-H810 
NCI-H1299 
NCI-H1373 

Fig. 4. RT/PCR analysis of bombesin receptor expression in a 
panel of human lung carcinoma cell lines. Total RNA samples 
isolated from cell lines was reverse transcribed, and the result- 
ing cDNA subjected to polymerase chain reaction amplification 
using gene-specific primers for GRP-R, NMB-R, or BRS-3. The 
PCR product was resolved by agarose gel electrophoresis, blot- 
ted, and hybridized to a gene-specific oligonucleotide probe to 
detect receptor mRNA expression in the individual cell lines. 
Representative data is shown in this figure, and a summary of 
the data from all cell lines examined can be found in Table 11. 
Note that most cell lines express at least one of the three 
bombesin receptors. Details of the method are provided in 
Materials and Methods. 
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*(+), (Tr), and (-) indicate high, trace, and non-detectable 
levels of mRNA expression respectively. Bombesin receptor 
mRNA expression detected by RTiPCR in human lung 
cancer cell lines. The presence or absence of a detectable 
PCR product is indicated by a +; barely detectable expres- 
sion is designated trace (tr); no expression is indicated by a 
-. Both small cell and non-small cell lung cancer cell lines 
were examined. The assay was performed as indicated in 
Materials and Methods. 

DISCUSSION 

Human lung tumor cell lines have proven to 
be a reliable source for the identification, isola- 
tion, and structural characterization of human 
bombesin receptor subtype cDNAs, where, in 
some examples, they are reported to play an 
important role in the pathogenesis or progres- 
sion of neoplasia. Curiously, bombesin receptor 
mRNA levels are invariably low in all the human 
lung cancer cell lines studied. The explanation 
for the low expression is not clearly understood 
at present, but may be an important feature for 
exhibiting an autocrine or paracrine growth re- 
sponse. In quiescent Balb 3T3 cells expressing 
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high levels of transfected NMB-R (8 x lo5 recep- 
tors/cell), the growth response is biphasic with 
apparent growth stimulation at low levels of 
peptide (less than 10 nM) and growth inhibition 
at higher levels (10-100 nM) [371. A similar 
biphasic growth effect was observed in Swiss 
3T3 cells expressing endogenous GRP-R, indicat- 
ing that this effect was not unique to the NMB-R. 
These studies indicate that constitutive occupa- 
tion of bombesin receptors present in high num- 
bers ( > 50,000 receptors/cell) inhibits, rather 
than stimulates, growth. Growth inhibition may 
result from an overstimulation of a physiologic 
signal transduction pathway or inappropriate 
activation of a secondary signal transduction 
pathway which results in decreased prolifera- 
tion. If the dose-response of the growth inhibi- 
tion effect depends on high receptor number, 
lung cancer cells may be selected to express 
sufficient receptors for growth stimulation, but 
not inhibition, at the available ligand concentra- 
tion. Future studies will be needed to determine 
the effects of receptor number on the growth 
response to a range of concentrations of bombe- 
sin-like peptides. 

Three conserved protein kinase C phosphory- 
lation sites are found in the intracellular 3 and 4 
domains of 415 bombesin receptor sequences (i3 
and i4, boxed regions, Fig. 3). The location of 
these potential sites of protein kinase C phos- 
phorylation are in domains known to  be critical 
for G-protein coupling in other G-protein coupled 
receptors, including the beta-adrenergic [381, 
muscarinic [381, and TSH receptors [391. In a 
previous study of bombesin receptor function in 
small cell lung cancer cell line H345, the phorbol 
compound 12-myristate 13-acetate, a protein 
kinase C activator, attenuated bombesin-stimu- 
lated increases in intracellular Ca++ [40], indicat- 
ing a role for protein kinase C phosphorylation 
in receptor desensitization. Zachary and co- 
workers [411 have reported that the early cellu- 
lar responses following stimulation of the Swiss 
3T3 GRP-R by ligand include activation of pro- 
tein kinase C. Taken together, these observa- 
tions suggest that bombesin receptors may be 
phosphorylated by protein kinase C at con- 
served sites in i3 and i4 after ligand activation, 
and that this post-translational modification may 
serve to desensitize the receptor by interfering 
with G-protein coupling. Analysis of the desensi- 
tization properties of receptors with mutations 
altering one or more of these three conserved 

sites should clarify the importance of this poten- 
tial regulatory mechanism. 

After expression of BRS-3 inXenopus oocytes, 
the receptor is specifically activated by bombesin- 
like peptides, and not peptides from other neuro- 
peptide families. However, in contrast to GRP-R 
and NMB-R, higher ligand concentrations ( 
vs. 10-8 M) were required to elicit responses. 
Several explanations are possible for this differ- 
ence between BRS-3 and the other two recep- 
tors: (1) a specific G-protein and/or auxillary 
protein(s) not available in the Xenopus ooryte 
may be needed for high affinity ligand binding. 
For example, the secretion receptor shows a 
ten-fold increase in ligand affinity when co- 
expressed with a specific G-alpha subunit, G,, in 
COS cells [42]; (2) a critical post-translational 
modification that does not occur in Xenopus 
oocytes may be required for BRS-3 to bind li- 
gands at high affinity binding; (3) BRS-3 mRNA 
or protein may be unstable in Xenopus oocytes, 
resulting in a low number of receptors expressed 
on the oocyte membrane; or (4) the mammalian 
bombesin-like peptide specific for BRS-3 is nei- 
ther GRP nor NMB, and remains to be identi- 
fied. Future efforts will be directed towards ex- 
pressing BRS-3 in host cells other than Xenopus 
oocytes, including a panel of murine fibroblast 
cell lines. In addition, we are actively attempting 
to identify and characterize additional mamma- 
lian bombesin-like peptide ligands. Potential 
sources of these novel peptides include human 
lung carcinoma cell lines or testis, which are cell 
or tissue types that express BRSS [301. 

No pre-existing pharmacologic study pre- 
dicted the existence of BRS-3, the third human 
bombesin receptor to be cloned and character- 
ized. The third exon of BRS-3 was initially iden- 
tified and cloned as a 3.0 kb Eco RI human 
genomic DNA fragment that hybridized at low 
stringency to GRP-R and NMB-R cDNA probes 
at low stringency 1301. Several other fragments 
with similar hybridization properties were also 
noted, none of which encode exons of GRP-R, 
NMB-R, or BRS-3. These unexplained genomic 
DNA fragments may encode exons of additional 
human bombesin receptor genes that are not 
characterized at present. Future efforts will be 
directed towards the characterization of these 
potentially interesting sequences, which may 
provide a means for obtaining new cDNAs encod- 
ing additional human bombesin receptors which 
are likely to possess their own unique pharmaco- 
logic properties and pattern of expression. Given 
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the receptor heterogeneity observed to date, it is 
clear that further characterization of mamma- 
lian bombesin-like peptides and their receptors 
will provide additional useful information for 
the design of compounds and therapeutic regi- 
mens of potential importance in modulating 
bombesin-dependent growth in human neoplas- 
tic disease. 
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