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SUMMARY

To enable the detailed pharmacological characterization of five
bombesin (BN) analogs with respect to the human gastrin-
releasing peptide (GRP) receptor, we ectopically expressed the
receptor in BALB/3T3 cells. In such cells (termed GR1 cells),
GRP stimulated DNA and Ca?* mobilization. Two of
these analogs, 0-Phe®-BN(6-13) methyl ester (K, = 1.38 + 0.07
nM) and 4-pyridyl-CO-His”-p-Ala''-Lys'2-COCH,CH,-phenyl-
BN(7-13) methyl amide (K, = 2.17 * 0.05 nm), were pure
antagonists of GRP-stimulated DNA synthesis in GR1 cells
(ICso = 14 * 8.5 nm and 5.1 + 2.0 nm, respectively), whereas
three analogs, Leu'3-y-Leu'*-BN (K, = 21.6 *+ 2.2 nm), p-Phe®-
BN(6-13) ethyl amide (K, = 5.17 + 0.64 nm), and 0-Phe®-BN(6-
13) propyl amide (K, = 0.68 + 0.01 nm), displayed significant
partial agonistic activity. Although three analogs promoted mi-
togenesis in GR1 cells, none of the analogs stimulated calcium
mobilization in GR1 cells. This dichotomy was not limited to
transfected cells, because the same result was obtained for

o-Phe®-BN(6-13) propyl amide using human fetal lung cells,
which naturally express the GRP receptor. We also assessed
the effect of BN analogs on calcium mobilization in transfected
GR9 celis expressing about 30 times higher levels of the GRP
receptor, compared with GR1 cells. b-Phe®-BN(6-13) ethyl
amide, o-Phe®-BN(6-13) propyl amide, and Leu'3-y-Leu'4-BN
were partial agonists of the intracellular Ca®* mobilization re-
sponse of GR9 cells. One conclusion consistent with our data
is that GRP-stimulated DNA requires the activation of
far fewer receptors than does GRP-stimulated calcium mobili-
zation. Thus, analogs with a small amount of agonist activity
can trigger a mitogenic response but not an intracellular Ca®*
mobilization response, unless cells express a high level of
receptors. These studies also provide evidence that the pro-
motion of DNA synthesis in quiescent GR1 or human fetal lung
cells via the GRP receptor does not require mobilization of
intracellular Ca?*.

BN is a tetradecapeptide isolated from the skin of the
frog Bombina bombina (1). As many as 13 peptides with
structural and functional homology to BN, referred to as
BLPs, have been isolated from different species of amphib-
ians (for review, see Ref. 2). Two BLPs, NMB and GRP, are
expressed in mammals and have been shown to have di-
verse biological effects. In the central nervous system
BLPs cause alterations in behavior and homeostasis,
whereas in the gastrointestinal tract they stimulate gas-
trin release and smooth muscle contraction (2). In Swiss
3T3 fibroblasts, GRP stimulates the mobilization of intra-
cellular calcium and promotes additional intracellular sig-
nals triggering the entry of quiescent cells into S phase of
the cell cycle (3). BLPs have also been shown to stimulate
the proliferation of breast (4), colon (5), and prostate (6)
cancer cells in vitro and have been implicated as autocrine
growth factors in small cell lung cancer (7-10).

The physiological effects of BLPs in mammals are medi-
ated by at least two distinct receptors. cDNAs encoding two
BLP receptors, with binding preference for either NMB or

GRP, have been cloned from rodent species (11, 12) and
humans (13). These receptors are members of the seven-
transmembrane domain receptor superfamily and are cou-
pled to signaling pathways via heterotrimeric G proteins.
Recently, a third receptor, with extensive homology to the
NMB and GRP receptors (termed BLP receptor subtype 3),
was cloned (14, 15); it binds only weakly to known BLPs,
suggesting that its physiological ligand is a novel peptide in
the BLP family. Further elucidation of the physiological func-
tions of BLPs, including their role in regulating the growth of
human cancers, will be aided by the design of potent and
specific BLP receptor blockers.

A large number of peptide analogs of BLPs have been
developed and act as GRP antagonists. The most effective
analogs either contain a reduced peptide bond between the
carboxyl-terminal two amino acids (16) or have various moi-
eties substituted for the carboxyl-terminal amidated methi-
onine (17-19). The potency and antagonistic activity exhib-
ited by many of these analogs vary when measured using
different assay systems or GRP receptor homologs from dif-

ABBREVIATIONS: BN, bombesin; DMEM, Dulbecco’s modified Eagle's medium; EGTA, ethylene glycol bis(8-aminoethyl ether)-NNN'N'-
tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; GRP, gastrin-releasing peptide; HFL, human fetal lung; NMB,
neuromedin B; PBS, phosphate-buffered saline; SV-40, simian virus 40; BLP, bombesin-iike peptide; Ph, phenyl.
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ferent species. For example, markedly different amounts of
receptor agonism were exhibited by several analogs when
they were assayed for promotion of amylase secretion us-
ing rat versus guinea pig pancreatic acinar cells (20). This
observation is consistent with the large pharmacological
differences frequently observed among peptide receptors
from different species. Furthermore, some BN analogs,
such as D-Phe®-BN(6-13) propyl amide, completely blocked
GRP-stimulated Ca%* mobilization in human small cell
lung carcinoma cell lines (21) but were activators of gas-
trin release from human G cells (22). It is not clear
whether these pharmacological variations reflect differ-
ences in receptor coupling among the different systems
used or are due to the effects of other BLP receptor
subtypes that may be expressed.

The availability of cDNAs encoding BLP receptors makes it
possible to use cells that ectopically express these receptors
to study the pharmacology of BN analogs. Such a model
system ensures that a homogeneous population of a single
receptor subtype is studied and potentially allows the mea-
surement of several different receptor-mediated responses.
Of particular interest was the analysis of BN analogs with
respect to the mitogenic response elicited by the human GRP
receptor. Because we have not identified a suitable human
cell line lacking the GRP receptor, we ectopically expressed
the human GRP receptor in murine BALB/3T3 cells. BALB/
3T3 cells neither display detectable '2°I-GRP high affinity
binding sites nor express mRNA encoding BLP receptor sub-
types detectable by Northern blotting. When stably trans-
fected with rodent BLP receptors, this cell line was found by
us (data not shown) and others (23, 24) to display a wide
range of GRP-mediated responses, including the stimulation
of inositol phosphate formation, the mobilization of intracel-
lular Ca®*, and the promotion of mitogenesis.

In this paper, we report that activation of the human GRP
receptor, ectopically expressed in quiescent and contact-
inhibited BALB/3T3 fibroblast cells, results in a stimulation
of DNA synthesis and the mobilization of intracellular cal-
cium. The pharmacology of a collection of BLP analogs was
characterized using these mitogenic and calcium responses of
GRP receptor-transfected BALB/3T3 cells. The results corre-
sponded to those obtained using HFL cells, which are non-
transformed fibroblasts naturally expressing the GRP recep-
tor. A novel finding of our study is that several BN analogs
stimulated DNA synthesis in HFL cells or transfected BALB/
3T3 cells expressing moderate levels of the human GRP
receptor, without significantly activating the mobilization of
intracellular Ca?*.

Experimental Procedures

Materials. GRP(1-27), p-Phe®-BN(6-13) ethyl amide, D-Phe®-
BN(6-13) propyl amide, and Leu!3-y-Leu’¢-BN were purchased from
either Peninsula Laboratories (Belmont, CA) or Bachem California
(Torrance, CA). 4-Pyridyl-CO-His’-p-Ala'!-Lys!?-COCH,CH,Ph-
BN(7-13) methyl amide was custom synthesized by Multiple Peptide
Systems (San Diego, CA). D-Phe®-BN(6-13) methyl ester was ob-
tained from Dr. David Coy (Tulane University, New Orleans, LA).
All peptides were shown to be >96% pure by high performance liquid
chromatography, and their identities were confirmed by either
amino acid analysis or mass spectroscopy. Insulin/transferrin/sele-
nium medium supplement was obtained from Collaborative Re-

search (Bedford, MA). Geneticin (G418) was purchased from GIBCO-
BRL and hygromycin B from Calbiochem (La Jolla, CA). All other cell
culture media, supplements, and fetal calf serum were purchased
from Whittaker Biochemicals (Walkersville, MD). Bovine serum al-
bumin (fatty acid free), sulfinpyrazone, bacitracin, polyethylenei-
mine, and HEPES were purchased from Sigma Chemical Co. (St.
Louis, MO). Fluo-3/acetoxymethyl ester, fura-2/acetoxymethyl ester,
and Pluronic F-127 were purchased from Molecular Probes (Eugene,
OR). 1#I-GRP (~2000 Ci/mmol) was purchased from Amersham, and
[methyl-*H}thymidine (2 Ci/mmol) was purchased from New Eng-
land Nuclear (Boston, MA). All other chemicals used were of reagent-
grade quality.

Expression plasmids. pGRP3 was derived by cloning the Xbal
fragment containing the human GRP receptor open reading frame
(13) into the Xbal site of a slightly modified version of pCD2 (26), so
that the GRP receptor gene was oriented in the same direction as the
SV40 early promoter. pGRP100 is an expression vector that was
obtained by cloning the human GRP receptor open reading frame
from pGRP3 into pBBS70, so that the GRP receptor open reading
frame was downstream of a myeloproliferative sarcoma virus pro-
moter (26) and upstream of a cytomegalovirus enhancer and the
SV40 late poly(A)* addition site. pPBBS70 has three dominant selec-
tion markers, i.e., the puromycin-N-acetyltransferase gene and the
dihydrofolate reductase gene expressed via the SV40 early promoter
and SV40 early poly(A)* addition site and the hygromycin B gene
expressed using the thymidine kinase promoter and the thymidine
kinase poly(A)* addition site. Two SV40 origins of replication are
also carried on the plasmid.

Growth and stable transfection of cells. HFL-1 cells (CCL
153) were obtained from the American Type Culture Collection
(Rockville, MD) and were grown in F-12K medium, supplemented
with 15% fetal calf serum and 2 mM glutamine, at 37° in a humidified
atmosphere containing §% CO,. BALB/3T3 cells, obtained from the
American Type Culture Collection, were grown in DMEM, supple-
mented with 4.5 g/liter glucose, 10% fetal calf serum, 1% nonessen-
tial amino acids, 1% sodium pyruvate, and 2 mM glutamine, at 37° in
a humidified atmosphere containing 10% CO,. Stable gene expres-
sion was achieved by transfection of cells using a calcium phosphate
precipitation procedure and selection with either G418 (pGRP3) or
hygromycin B (pGRP100) (27). Cells transfected with pGRPS3, grow-
ing under selective conditions, were screened for the presence of high
affinity '**I-GRP binding sites. Four receptor-positive clones tested
for GRP-stimulated intracellular Ca?* mobilization showed a re-
sponse. A representative clone chosen for further study, GR1, ex-
pressed 0.057 pmol of GRP receptor/mg of membrane protein (K; =
0.035 nM), based on a nonlinear regression analysis of binding data
using the computer program LIGAND. Similar ligand binding stud-
ies using intact GR1 cells indicated that these cells express 46,000 *
2,200 receptors/cell (K, = 0.010 = 0.0012 nMm).

To generate transfected BALB/3T3 cells expressing higher levels
of receptor, cells were transfected with pGRP100. One clone, selected
because of its high level of expression of 1?*I-GRP binding sites, was
used for further studies. GR9 expressed 1.00 pmol of receptor mg of
membrane protein (K; = 0.030 nM). Assays of intact cells indicated
that GR9 expressed 1,340,000 + 130,000 receptors/cell (K; = 0.067 +
0.0049 nnM).

12351.GRP(1-27) binding to cell membranes. GRS membranes
(2 pg) or Swiss 3T3 membranes (18 pg), prepared as described
previously (28), were suspended in 0.5 ml of ice-cold binding medium
(50 mm HEPES, pH 7.5, 2 mM EDTA, 0.13 M NaCl, 6§ mm MgSO,, 5
mM KCl, 10 mg/ml bovine serum albumin, 30 ug/ml bacitracin). For
studies of BN analog binding, unlabeled GRP or BN analogs were
added to the medium at the concentrations indicated in the figures.
Binding reactions were initiated by the addition of 0.02 nM **I-GRP
and were carried out at 37° for 1 hr. Binding was terminated by
cooling of the reaction mixtures on ice and rapid filtration through
polyethyleneimine-treated Whatman GF/B glass fiber filters, fol-
lowed by four washes (4 ml each) with ice-cold 50 mm Tris-HCl, pH
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7.5. Radioactivity on the filters was determined using a y counter.
Total bound counts ranged from 7 to 9% of the total counts added,
whereas nonspecifically bound counts accounted for <1% of the total
counts added. Data from competitive displacement experiments were
used to calculate K, and K; values, using the computer program
LIGAND (29).

Analysis of intracellular calcium. Flasks of cells grown to
confluence were rinsed twice with PBS plus 2 mM EDTA. Cells were
dislodged from the flasks by agitation after incubation with PBS plus
2 mM EDTA and 1% glucose at 37° for 10-15 min. Cells were pelleted
at 800 X g for 10 min and resuspended, at a density of 1 X 10°
cells/ml, in loading medium (RPMI 1640 medium, 26 mm HEPES, pH
7.5, 0.1% bovine serum albumin). This medium contained 2 mmM
CaCl,. Cells were then slowly combined, with gentle agitation, with
an equal volume of loading medium containing 5 uM fura-2/ace-
toxymethyl ester. Sulfinpyrazone (final concentration, 0.25 mm), an
anion transport inhibitor that inhibits leakage of intracellular fura-2
(30), slightly enhanced the signal and was added in the experiments
reported in this paper. After incubation for 45 min at 87° in the dark,
cells were washed twice with loading medium and once with assay
buffer (50 mmM HEPES, pH 7.5, 2 mM EDTA, § mM MgSO,, 5 mMm KCl,
0.13 M NaCl, 2 muM CaCl,, 0.1% bovine serum albumin). Cells were
finally suspended at a density of 2 X 10° cells/ml in assay buffer
supplemented with sulfinpyrazone (0.25 mM) and were incubated for
an additional 15-20 min at 37°. The cellular fluorescence was ana-
lyzed at 37° with a PTI Deltascan 4000 fluorimeter (Photon Tech-
nology, South Brunswick, NJ) equipped with dual-excitation mono-
chromators. All fluorescence measurements were obtained at an
emission wavelength of 510 nm. Intracellular calcium concentration
was calculated using the formula [Ca?*] = K{[(R — R, XSf./Sb,)V
(Rumex — R)), where K is the measured dissociation constant of the
complex of fura-2 and Ca?* (215 nM), R is the ratio of the fluorescence
measured using excitation wavelengths of 340 nm and 380 nm, R,
is R measured in the presence of Triton X-100, R, is R measured in
the presence of Triton X-100 and EGTA, Sf, is the fluorescence
measured in the presence of Triton X-100 using an excitation wave-
length of 380 nm, and Sb, is the fluorescence measured in the
presence of Triton X-100 and EGTA using an excitation wavelength
of 380 nm.

The final medium Ca?* concentration in the studies shown in
Figs. 4 and 7 ranged from 50 to 100 uM, as determined for each
experiment from the fluorescence of fura-2 after the dye was released
from cells by treatment with Triton X-100. Intracellular Ca®* mobi-
lization stimulated by GRP was not significantly changed when the
medium Ca?* concentration was increased by an additional 2 mM.
Furthermore, at either calcium concentration, addition of EGTA to
the medium had no significant effect (<20%) on measured intracel-
lular Ca®?* mobilization, indicating that the source of Ca?* was
mostly from intracellular stores.

To assess the dose-response relationship for inhibition of GRP-
mediated calcium mobilization (see Fig. 5), we monitored changes in
the relative fluorescence of cells loaded with fluo-3. Cells at a density
of 3-5 X 10° cells/ml in loading medium were obtained as described
for experiments with fura-2. Fluo-3/acetoxymethyl ester and Plu-
ronic F-127 were added to cells to give final concentrations of 10 uM
and 0.05% (w/v), respectively. After incubation for 1 hr at 37° in the
dark, extracellular dye was removed by washing the cells three times
with loading medium. Cells were finally resuspended at a density of
8-5 X 10° cells/ml in assay medium (DMEM with 25 mm HEPES, pH
7.5, and 1.0% fetal calf serum) and were used within several hours
for measurements of intracellular Ca** concentration, using a FAC-
Scan fluorescence-activated cell sorter (Becton Dickinson, San Jose,
CA). Experiments were performed at 25°. Only data from viable cells
were used, as reflected in their side and forward light-scattering
characteristics, and their average Ca?*-dependent fluorescence was
measured using a fluorescein filter. Measurements were initiated
within 5 sec after addition of test compounds. To determine the
effects of BN analogs on GRP-stimulated Ca®** mobilization, analogs
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were added first, followed by the addition of GRP 5 sec later, followed
by measurement of fluorescence 5 sec later. Data for basal and
stimulated cell fluorescence, analyzed using LYSYS II software,
represent the mean fluorescence of cells over a sampling period of the
first 5-30 sec after addition of test solutions. Although the basal
fluorescence was stable within an experiment, it varied among ex-
periments from 5 to 12 relative units, due to variations in dye
loading. Control values for the stimulation of fluo-3 fluorescence by
GRP in different experiments ranged from 10 to 30 relative units.
The stimulation by GRP in each experiment (stimulated/basal fluo-
rescence) ranged from 2- to 3-fold. The results are reported as the
average of two or more independent experiments.

Mitogenesis assays. Cells (2 X 10%well) were grown in 24-well
plates, as described above, for 4-5 days, at which time they were
confluent. The medium was then changed to assay medium (DMEM/
Waymouth’s medium, 1:1, with 1% glutamine and 1% insulin/trans-
ferrin/selenium medium supplement), and the cells were incubated
for 24 hr at 37° in an atmosphere containing 5% CO,. Peptide stocks
(100X), prepared in assay medium supplemented with antibiotics
(100 units/ml penicillin, 100 pg/ml streptomycin, and 100 ug/ml
gentamicin), were added to the cells to yield the final concentrations
specified in the figures. After 16 hr, cells were incubated for 2 hr with
[methyl-*H}thymidine (5 uCi/well) at 37° in an atmosphere contain-
ing 5% CO,. The medium was then aspirated, the cells were detached
from the plate by trypsinization, and the contents of the wells were
collected onto glass fiber filters using a PhD cell harvester (Cam-
bridge Technologies, Watertown, MA). Washes from the wells were
also passed over the filters. In all, three 1-ml washes each of PBS,
10% (w/v) trichloroacetic acid, and 95% ethanol, all chilled on ice,
were collected. Radioactivity on the filters was then determined by
liquid scintillation counting. Incorporated counts were <2% of the
total counts added. All treatments were performed in triplicate for
each experiment, and the data are presented as the averages of at
least three independent experiments, unless indicated otherwise in
the figure legends.

Data analysis. Dose-response curves shown and ICy, and ECy,
values reported in this paper were obtained by fitting the experimen-
tal data to a four-parameter logistic equation, using the software
package Kaleidagraph (Synergy Software, Reading, PA).

Results

Binding of BN analogs to human and murine forms
of the GRP receptor. Table 1 shows the structures of five
BN analogs, whose binding affinities for the human GRP
receptor are shown in Table 2. Analogs with des-methionine
alkyl ester or amide motifs displayed the highest affinity for
the receptor, exhibiting K; values in the range of 0.68-6.2 nM
(Fig. 1; Table 2). Analog V, Leu'3-y-Leu’*-BN, was about 1
order of magnitude less potent. The five BN analogs dis-
played similar binding affinities for the murine and human
forms of the GRP receptor (Fig. 1; Table 2), with the notable
exception of 4-pyridyl-CO-His’-p-Ala'*-Lys'2-COCH,CH,Ph-
BN(7-13) methyl amide (IV). This compound displayed 30
times greater potency for the murine GRP receptor (K; =
0.070 = 0.001 nM) than for the human GRP receptor (K; = 2.2
*+ 0.047 nM), suggesting that the bulky hydrophobic moiety at
position 12 of analog IV fit better in the binding pocket of the
murine receptor.

Effect of BN analogs on DNA synthesis in GRP re-
ceptor-transfected BALB/3TS3 cells. Activation of the GRP
receptor in quiescent Swiss 3T3 cells results in the stimula-
tion of [*H]thymidine incorporation in the absence of other
growth factors (3). As shown in Fig. 2, GRP also promoted a
dose-dependent increase in the incorporation of [*H}thymi-
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TABLE 1
BN, GRP, and GRP receptor antagonists
Analog Peptide Structure
BN -Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH,
GRP -Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met-NH,
I 0-Phe®-BN(6-13) methyl ester p-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-0O-CH,
] 0-Phe®-BN(6-13) ethyl amide p-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-NHCH,CH,
m D-Phe®-BN(6-13) propyl amide p-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-NHCH,CH,CH,
v 4-Pyridyl-CO-His”-p-Ala’'-Lys'2- 4-Pyridyl-CO-His-Trp-Ala-Val-p-Ala-Lys-Leu-NHCH,
COCH,CH,Ph-BN(7-13) methyl amide
COCH,CH,Ph
v Leu'3-¢~(CH,NH)-Leu'4-BN -Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-y-Leu-NH,
TABLE 2

Affinities of BN analogs for the human and mouse GRP receptors and functional activities of analogs with respect to mitogenesis of

GR1 celis ectopically expressing the human GRP receptor

125,.GRP binding (K, or K Agonism of mitogenesis Antagonism of mitogenesis
Analog Biological effect
Mouse GRP Human GRP Inhibition
receptor® receptor® Effoct” ECso” (1.0 4 GRP)® 1Cs0
v % of maximum m % of maximum m
GRP 0.12 =+ 0.03 0.03 = 0.01 100 0.18 + 0.04" Agonist
| 0.37 = 0.03 1.38 = 0.07 ND@ 91 14+ 85 Antagonist
] 2.09 + 0.25 5.17 = 0.64 31 12+05 80 55 + 14.2 Partial
m 0.44 = 0.05 0.68 = 0.01 38 02 +0.1 39 25+17 Partial antagonist
v 0.07 = 0.01 2.17 * 0.05 ND 79 51+20 Antagonist
v 30.2 =+ 0.05 216 22 20 41+13 69 182 + 66 Partial antagonist

* Determined as described in Experimental Procedures, using membranes prepared from Swiss 373 celis. Values represent the average * standard error of

duplicate

° Maximal stimulation of
’Vmwm:vmu*'nmdudmofm

experiments.
® Determined using GR9 cell membranes. Values represent the average + standard error of duplicate experiments.
[PH]thymidine incorporation by analogs added alone to quiescent GR1 celis, relative to a maximal dose (100 nw) of GRP.

experiments.
* Maximal inhibition of [*H]thymidine incorporation into quiescent GR1 cells triggered by 1.0 nm GRP.

! Fit of data from 13 independent experiments.
9 ND, not detectable (<10% of maximal stimulation).

dine into the DNA of quiescent GRP receptor-transfected
BALB/3T3 cells (GR1 cells), producing a maximal stimula-
tion of about 3-5-fold over basal levels (ECg, = 0.18 *+ 0.04
nM). Under the same conditions, GRP had no effect on the
incorporation of [*Hlthymidine into BALB/3T3 cells stably
transfected with a control expression vector not containing a
GRP receptor ¢cDNA insert. Furthermore, untransfected
BALB/3T3 cells were not mitogenically stimulated by GRP
(data not shown). These data establish that the mitogenic
effect of GRP on quiescent GR1 cells is mediated through
activation of ectopically expressed GRP receptors.

To assess the activity of analogs I-V with respect to mito-
genesis triggered by the human form of the GRP receptor, we
determined their effects on the incorporation of [*Hlthymi-
dine by quiescent GR1 cells. We found that three of the five
BN analogs analyzed, namely p-Phe®-BN(6-13) ethyl amide
(II), p-Phe®-BN(6-13) propyl amide (III), and Leu'3-y-
Leu'*-BN (V), were partial activators of GRP receptor-medi-
ated mitogenesis. Analogs Il, ITI, and V stimulated [*H]thy-
midine incorporation into GR1 cells in a dose-dependent
manner (Fig. 2), producing maximal responses that were
31%, 38%, and 20%, respectively, of the maximal effect elic-
ited by a saturating dose of GRP (Table 2). When added
without GRP, D-Phe®-BN(6-13) propyl amide (III) had no
effect on the incorporation of [*’Hlthymidine by untransfected
BALB/3T3 cells, indicating that the responses seen in GR1
cells were mediated by ectopically expressed GRP receptors
(data not shown). As shown in Fig. 3, analogs I1, III, and V
were also incomplete inhibitors of GRP-stimulated [*H]thy-

midine incorporation into quiescent GR1 cells. These results
are consistent with their partial agonistic effects on mitogen-
esis. The rank order of potency of the three agonistic BN
analogs correlates well with their relative binding affinities
for the GRP receptor in GR9 cell membranes (Table 2).

In contrast to the partial agonistic activity of analogs II,
III, and V described above, the two analogs with a des-
methionine methyl ester or methyl amide motif, namely
D-Phe®-BN(6-13) methyl ester (I) and 4-pyridyl-CO-His’-
p-Ala'!-Lys'?-COCH,CH,Ph-BN(7-18) methyl amide (IV),
acted as pure GRP antagonists with respect to the stimu-
lation of [*H]thymidine incorporation in GR1 cells. At the
highest concentration tested (1 uM), both analogs inhibited
the mitogenic response elicited by 1 nM GRP by roughly
80-90% (Fig. 3; Table 2) and were not able to significantly
stimulate [®H]thymidine incorporation activity when
added to quiescent GR1 cells in the absence of GRP (Fig. 2;
Table 2).

Effect of BN analogs on Ca®** mobilization in GRP
receptor-transfected BALB/ST3S cells. To further assess
the pharmacological properties of the human GRP receptor,

we tested the ability of BN analogs to trigger the release of

intracellular Ca?* into the cytoplasm of GR1 cells, a response
known to be promoted by activation of the GRP receptor in
other cells (3). The intracellular Ca?* concentration was
monitored by fluorescence measurements in cells loaded with
the Ca®*-chelating dye fura-2. As shown in Fig. 4, GRP
promoted a rapid rise in intracellular Ca?* concentration.
Control BALB/3T3 cells not expressing the GRP receptor
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Fig. 1. Affinity of BN analogs for the mouse and human forms of the

GRP receptor. Increasing doses of BN analogs were assayed for their
ability to inhibit '2%-GRP binding to membranes prepared from murine
Swiss 3T3 celis (A) or GR9 cells (B), which ectopically express the
human GRP receptor, as described in Experimental Procedures. Pep-
tides tested were GRP (O), D-Phe®-BN(6-13) methyi ester ((J), o-Phe®-
BN(6-13) ethyl amide 4A). p-Phe®-BN(6-13) propyi amide (@), 4-pyridyi-
CO-His”-p-Ala"'-Lys'*-COCH,CH,Ph-BN(7-13) methyl amide (A), and
Leu*3-y~(CH,NH)-Leu'*-BN @. Data represent the mean + standard
error from two independent assays.

showed no GRP-dependent increases in intracellular Ca®*
concentration (data not shown). Interestingly, D-Phe®-BN(6—
13) ethyl amide (II) and p-Phe®-BN(6-18) propyl amide (III)
completely blocked GRP-mediated Ca?* mobilization in GR1
cells (Fig. 4). The failure of these analogs to trigger a signif-
icant mobilization of calcium in GR1 cells contrasts with
their ability to partially activate [°*Hlthymidine incorpora-
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120 ¢
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log [peptide], M

Fig. 2. Ability of BN analogs to stimulate [*H]thymidine incorporation in
quiescent GR1 cells. Stimulation of [*H]thymidine incorporation into
confiuent GR1 cells, expressing the human GRP receptor, was as-
sessed as described in Experimental Procedures. |
the following peptides were analyzed: GRP (O), 0-Phe®-BN(6-13)
methyl ester ({J), 0-Phe®-BN(6-13) amide (2), b-Phe%-BN(6-13)
propyl amide (@), His’-p-Ala''-Lys'2-COCH,CH,Ph-
BN(7-13) methyl amide (A), and Leu'3-¢~(CH,NH)-Leu'-BN @. In the
experiments reported, the basal rate of [PHjthymidine incorporation
ranged from 5000 to 9000 cpm, whereas the incorporation achieved at
a saturating dose of GRP (1 nm) ranged from 27,000 to 50,000 cpm. The
stimulation by GRP from 3- to 5-fold. After subtraction of the
basal incorporation of idine, the data were normalized to the
incorporation observed at a saturating dose of GRP (1 nm). Resuits
shown represent the averages + standard errors of three independent
experiments.

tion in these cells, as discussed above. The same result was
obtained with Leu'®-y-Leu'*-BN (V) (data not shown).

We further examined the effect of BN analogs on Ca®*
mobilization in GR1 cells by measuring the fluorescence of
cells loaded with the dye fluo-3. None of the five BN analogs
examined (at 1 uM) was able to trigger a significant mobili-
zation of calcium in GR1 cells, as assessed with fluo-3 (data
not shown). Further testing of the effects of analogs I, I, IV,
and V on calcium mobilization by GR1 cells at various doses
ranging from 10 nM to 10 uM revealed no agonistic effects. In
contrast, all five BN analogs effectively inhibited, in a con-
centration-dependent manner, the Ca?* mobilization re-
sponse of GR1 cells stimulated by a saturating dose of GRP
(10 nM) (Fig. 5). At the highest concentration of each analog
tested (1 uM), the response was inhibited by >80%. As shown
in Table 3, the rank order of potency for antagonism of
calcium mobilization in GR1 cells was the same as their
relative affinities for the human GRP receptor (Table 2), with
the exception of a minor variation with respect to analogs I
and IV. These analogs displayed similar K; values for recep-
tor binding and IC,, values for the antagonism of [*H]}thymi-
dine incorporation by GR1 cells. These results demonstrate
that analogs I-V act as pure antagonists of GRP-stimulated
Ca?* mobilization in GR1 cells.

Effect of D-Phe®-BN(6-13) propyl amide (III) on intra-
cellular Ca** mobilization and DNA synthesis in HFL
cells. Considering our finding that some BN analogs dis-
played differential effects on calcium mobilization and DNA
synthesis responses of GR1 cells, it was important to deter-
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Fig. 3. Ability of BN analogs to inhibit GRP-stimulated [*H]thymidine
incorporation in quiescent GR1 cells. Confluent GR1 cells were as-
sayed for [PHjthymidine incorporation as described in Experimental
Procedures. Increasing doses of the following analogs were assayed in
the presence of GRP (1.0 nm): p-Phe®-BN(6-13) methyl ester (D),
D-Phe®-BN(6-13 2 ethyl amide (A), b-Phe®-BN(6-13) propyl amide (@),

4-pyridyl-CO-His"-p-Ala''-Lys'2 CH,Ph-BN(7-13) methyl amide
(4), and Leu'S-y~(CH NH)-Leu“-BN @. In the experiments reported,
the basal rate of idine incorporation ranged from 5000 to 9000

cpm, whereas the incorporation achieved at a saturating dose of
GRP (1 nm) ranged from 27,000 to 50,000 cpm. The stimulation by
GRP ranged from 3- to 5-fold. After subtraction of the basal incorpo-
ration of PHjthymidine, the data were normalized to the maximal incor-
poration stimulated by GRP (1 nm). Results shown represent the aver-
age * standard error of three independent experiments.

mine whether BN analogs have similar effects on a nontrans-
formed human cell line naturally expressing GRP receptors.
For these studies, we chose HFL cells, which were shown
previously to express high affinity binding sites for '2I-GRP
(31). From competitive displacement 2*I-GRP binding stud-
ies, we found that membranes prepared from HFL cells ex-
pressed 0.084 pmol of GRP receptor/mg of membrane protein
(Kd = 0.043 nM).

GRP promoted a roughly 2-fold increase in [*H]}thymidine
incorporation by confluent and serum-starved HFL cells ( p
< 0.01) (Fig. 6). D-Phe®-BN(6-13) propyl amide (III) and
D-Phe®-BN(6-13) ethyl amide (II), at a saturating dose (1
uM), partially stimulated [*Hlthymidine incorporation by
quiescent HFL cells (Fig. 6A). Conversely, analogs IT and III
partially inhibited DNA synthesis by quiescent HFL cells
stimulated with 1 nM GRP (Fig. 6B). In contrast, D-Phe®-
BN(6-13) methyl ester (I) displayed no agonistic activity and
was able to completely block the GRP response. Using poly-
merase chain reaction amplification methods, we found that
mRNA for both NMB and GRP receptors is expressed in HFL
cells.! Whereas NMB promoted DNA synthesis by HFL cells,
the response could be completely blocked by p-Phe®-BN(6-13)
methyl ester (I) (data not shown), which is a selective analog
for the GRP receptor. These results indicate that the mito-
genic responses we observed in HFL cells were promoted by
activation of the GRP receptor subtype.

GRP also triggered a rapid increase in the intracellular
calcium concentration in HFL cells, as determined from the
fluorescence of cells loaded with fura-2 (Fig. 7A). In spite of

1J. M. Wy, D. O. Hoang, and R. I. Feldman, unpublished observations.

their ability to partially activate DNA synthesis by HFL
cells, analogs II and III did not stimulate an intracellular
Ca?* mobilization response in HFL cells (Fig. 7, B and C) and
were able to completely inhibit intracellular Ca?* mobiliza-
tion stimulated by 10 nM GRP. Therefore, the activities of BN
analogs with respect to mitogenic and intracellular Ca2*
mobilization responses in HFL cells and GR1 cells were very
similar, demonstrating a correspondence in the pharmacol-
ogy of BN analogs determined with GRP receptor-transfected
BALB/3T3 cells and a natural human cell line.

Effect of BN analogs on intracellular Ca** mobiliza-
tion in transfected BALB/3T3 cells expressing high lev-
els of the GRP receptor. It is clear from the results pre-
sented above that some BN analogs display more agonistic
activity with respect to the [*H]thymidine incorporation re-
sponse of transfected GR1 cells or HFL cells than to the Ca?*
mobilization response of these cells. This phenomenon might
be explained by the fact that maximal triggering of [*Hlthy-
midine incorporation requires the activation of fewer GRP
receptors than needed to maximally activate Ca?* mobiliza-
tion.

To test this hypothesis, we examined the effects of BN
analogs on Ca?* mobilization by a BALB/3T3 clone (GR9
cells) ectopically expressing about 30 times more human
GRP receptor molecules than expressed by GR1 cells. GRP
was 6 times more potent in stimulating Ca®* mobilization in
GR9 cells than in GR1 cells (ECg, = 0.17 * 0.06 versus 1.0 +
0.44 nM) (Fig. 8). This finding indicates that the increased
level of GRP receptor expression in GR9 cells resulted in the
generation of excess receptors with respect to the Ca®* mo-
bilization response. According to our hypothesis, GRP recep-
tor-coupled Ca®* mobilization in GR9 cells should show an
increased sensitivity to agonism by analogs II, III, and V.
Indeed, each of these analogs was able to significantly stim-
ulate mobilization of Ca?* in GR9 cells (Fig. 9). The response
to analogs II, ITI, and V increased in a dose-dependent man-
ner and plateaued at levels of 48%, 74%, and 42%, respec-
tively, of the response generated by saturating concentra-
tions of GRP (Table 4).

Consistent with our finding that p-Phe®-BN(6-13) methyl
ester (I) and 4-pyridyl-CO-His’-p-Ala'!-Lys'>COCH,CH,-
Ph-BN (7-13) methyl amide (IV) were pure antagonists of
GR1 cell mitogenesis, these compounds were not able to
trigger a detectable Ca®* mobilization response in GR9 cells
(Fig. 9). Additional experiments demonstrated that analog I
[D-Phe®-BN(6-13) methy] ester] was a potent blocker of Ca®*
mobilization in GR9 cells stimulated by treatment with 10 nm
GRP (data not shown). These data confirm that D-Phe®-
BN(6-13) methyl ester (I) and 4-pyridyl-CO-His’-p-Ala'!-
Lys'2-COCH,CH,Ph-BN(7-13) methyl amide (IV) are the
purest BN antagonists profiled in our study.

A number of studies have demonstrated a potential use for
GRP receptor blockers in the treatment of breast (32), colon
(33), lung (1, 10), prostate (6, 34), and pancreatic (35) can-
cers. Although most BN analogs have been extensively char-
acterized using rodent model systems, further characteriza-
tion of their pharmacology with respect to human BLP
receptor subtypes is warranted. In particular, it is important
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Fig. 4. Effects of GRP and BN analogs on Ca?* mobilization in GR1
cells. Measurement of intraceliular Ca2* concentration in GR1 celis was
performed as a function of time, using the dye fura-2, as described in
Experimental Procedures. Amow A, addition of vehicle; arrow B, addi-
tion of 1 um D-Phe®-BN(6-13) ethyl amide; amow C, addition of 1 um
p-Phe®-BN(6-13) propyl amide. The addition of GRP at the specified
concentration is also indicated.

to understand the ability of each analog to activate or to block
a mitogenic response mediated by BLP receptors. In this
paper, we characterized the pharmacology of the human GRP
receptor using five BN analogs that are the among the most
potent reported blockers of rodent GRP receptors. We demon-
strated that D-Phe®-BN(6-13) methyl ester (I) and 4-pyridyl-
CO-His’-p-Ala'*-Lys*3-COCH,CH,Ph-BN(7-13) methyl amide
(V) antagonized GRP-stimulated DNA synthesis in quiescent
BALB/3T3 cells ectopically expressing the GRP receptor. In
contrast, D-Phe®-BN(6-13) ethyl amide (II), D-Phe®-BN(6-13)
propyl amide (II), and Leu'S-y-Leu’*-BN (V) were partial
activators of this response.

An unexpected finding of our study was that, in BALB/3T3
cells ectopically expressing a moderate number of GRP re-
ceptors (i.e., GR1 cells), three analogs, namely D-Phe®-BN(6 -
13) ethyl amide (II), D-Phe®-BN(6-13) propyl amide (III), and
Leu'®-yLeu'*-BN (V), stimulated mitogenesis without sig-
nificantly elevating the level of intracellular Ca?*. The pos-
sibility that this phenomenon was limited to transfected
BALB/3TS3 cells was eliminated by the demonstration of sim-
ilar results with several compounds using HFL cells, which
naturally express the GRP receptor. The correspondence in
the pharmacology obtained with- GR1 and HFL cells also
indicates a high degree of conservation in the signaling path-
ways of mouse and human fibroblast cells.

One explanation for the fact that DNA synthesis was more
sensitive to agonism by BN analogs than was intracellular
Ca?* mobilization is that mitogenesis is stimulated by the
activation of a far fewer number of receptors. Thus, if the
mitogenic response of a GR1 cell was maximally triggered by
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Fig. 5. Abllity of BN analogs to inhibit GRP-stimulated Ca®* mobi-
lization in GR1 cells. Changes in intracellular Ca?* concentration
were monitored in GR1 cells loaded with the calcium-sensing dye
fluo-3, as described in Experimental Procedures. Shown are the
effects of increasing doses of the following peptides on the ability of
GRP (10 nm) to increase fluo-3 fluorescence: o-Phe®-BN(6-13)
methyl ester ((J), 0-Phe®-BN(6-13) ethyl amide (4), 0-Phe®-BN(6-13)
propyl amide (@), 4-pyridyl-CO-His’-p-Ala''-Lys'?-COCH,CH,Ph-BN(7-
13) methyl amide (A), and Leu'3-y~(CH,NH)-Leu'*-BN @. Data were
normalized to the maximal increase in fluorescence stimulated by 10 nm
GRP and represent the average * standard emor of two independent
experiments.

TABLE 3

Abiiity of BN analogs to inhibit GRP-stimulated Ca®* mobliization
in GR1 celis

Analogs were tested for their ability to inhibit Ca?* mobilization stimulated by
treatment of GR1 cells, expressing the human GRP receptor, with GRP (10 nm).
ICyo values represent the mean * standard error of two independent experi-
ments.

Inhibition

Analog Peptide (10 nw GRP) 1Cso
% of maximum ~
| 0-Phe®-BN(6-13) methyl ester 96 120 + 30
[} 0-Phe®-BN(6-13) ethyl amide a3 220 = 60
m D-Pt\e°-BN(6-13; propyl amide 81 34+20
IV 4-Pyridyl-CO-His’-0-Ala''-Lys'2- 85 Mx7
COCH,CH,Ph-BN(7-13)
methyl amide
v Leu'3-y~(CH,NH)-Leu'*-BN 99 300 * 120

the activation of a small percentage of its pool of available
GRP receptors, then BN analogs retaining the ability to
activate a few percent of the receptor molecules could still
trigger a significant response. In contrast, the intracellular
Ca?* mobilization response, whose size may be more propor-
tional to the total percentage of receptors activated, might
not be activated at a detectable level.

Such an hypothesis is supported by the fact that GRP was
6 times more potent in triggering a mitogenic response in
GR1 cells than a calcium mobilization response (ECg, = 0.18
+ 0.04 versus 1.0 * 0.44 nM). Fewer activated GRP receptors
were therefore required to generate a maximal mitogenic
response. The hypothesis is further supported by the fact
that analogs II, ITI, and V became partial agonists of Ca?*
mobilization in a BALB/3T3 transfectant expressing much
higher levels of the GRP receptor, compared with GR1 cells.
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Fig. 6. Effects of GRP and BN analogs on [°H]thymidine incorporation
in quiescent HFL cells. Stimulation of PH]thymidine incorporation into
confluent HFL cells was assayed as described in Experimental Proce-
dures. A, The agonistic effects of GRP (1 um) and a 1 um dose of
analogs D-PheS-BN(6-13) methyl ester (I), p-Phe®-BN(6-13) ethyl
amide (ll), or 0-Phe®-BN(6-13) propyl amide (lif) are shown. B, The

ability of analogs I, Il, and 1l (1 um) to inhibit [PH]thymidine incorporation
stimulated by 1 nm GRP is shown. Experiments were performed at least
three times, and representative data are shown.

In that clone (GR9 cells), spare receptors for the intracellular
Ca?* mobilization response appeared to be present, because
we observed that the level of Ca®* mobilization (measured by
fura-2 fluorescence) elicited by a saturating dose of GRP was
not greater in GR9 cells than in GR1 cells (data not shown).
The fact that GRP was 6 times more potent in eliciting an
intracellular Ca%* mobilization response in GR9 cells than in
GR1 cells (ECg, = 0.17 * 0.06 versus 1.0 * 0.44 nM) (Fig. 8)
is also consistent with the presence of a greater number of
spare receptors in GR9 cells than in GR1 cells. There is an
alternative explanation for our data, which cannot be com-
pletely ruled out, if Ca?* mobilization and mitogenic re-
sponses are triggered by the GRP receptor through the cou-
pling of distinct G proteins. In this case, analog binding to the
receptor could conceivably activate one of these G proteins
while not activating the other.

Stimulation of Ca%* mobilization by GRP in murine Swiss
3T3 cells is thought to be mediated by inositol-1,4,5-triphos-
phate produced by the action of phospholipase C-g (36). This
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Fig. 7. Effects of GRP and BN analogs on Ca?* mobilization in HFL
cells. Measurements of intracellular Ca®* concentration in HFL cells
were performed as a function of time, using the dye fura-2, as de-
scribed in Experimental Procedures. Amow A, addition of vehicle; arrow
B, addition of 1 um D-Phe®-BN(6-13) ethyl amide (If); arrow C, addition
of 1 um p-Phe®-BN(6-13) propyl amide (ll). The addition of GRP at the
specified concentration is also indicated.

enzyme appears to activate the receptor via a G protein of the
G, family (37). In contrast, the requisite signals leading to a
mitogenic response have not been clearly elucidated but
could involve a number of known receptor-mediated re-
sponses (2, 3, 38—-40), including the activation of mitogen-
activated protein kinase and p125 focal adhesion kinase,
the stimulation of arachidonic acid formation, and the
elevation of c-fos and c-myc expression. Seckl and Rozen-
gurt (41) found that tyrphostin [[(3,4,5-trihydroxypenyl)-
methylene]propanedinitrile] blocks the mitogenic effects of
GRP on Swiss 3T3 cells without inhibiting Ca?* mobiliza-
tion or protein kinase C activation, underscoring the po-
tential role of tyrosine kinases in the mitogenic response.
By triggering these and possibly other amplifying events, a
small amount of receptor activation could generate a large
mitogenic signal. It has been difficult to definitively ad-
dress the role played by Ca?* mobilization in the mitogenic
effects of many growth factors, due to the difficulty of
dissociating these two responses. It is therefore significant
that the BN analogs D-Phe®-BN(6-13) ethyl amide (II),
D-Phe®-BN(6-13) propyl amide (III), and Leu!S-y-
Leu!¢-BN (V) were able to stimulate mitogenesis in GR1
cells without significant activation of intracellular Ca%*
mobilization. These results provide evidence that Ca®*
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Fig. 8. Dose-response relationship for GRP effects on Ca®** mobi-
lization in GR1 and GR9 cells. Changes in the concentration of
intracellular Ca2* in GR1 (O) or GR9 (0J) cells induced by various
concentrations of GRP were determined as described in Experimen-
tal Procedures. Data were normalized to the maximal increase in
intracellular Ca?* concentration stimulated by GRP and represent
the average * standard error of three i ments. For
GR1 celis the ECg, value was 1.0 *= 0.40 nm and for GR9 cells the
ECyo value was 0.17 * 0.6 nm.
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Fig. 9. Stimulation of intracellular Ca?* mobilization by BN analogs in
GR9 cells. Ca?* concentration was measured in GR9 celis using the
dye fluo-3, as described in Experimental Procedures. Shown are the
efl‘ectsoﬂneweslngdoeesofmefollowingpepﬁdes GRP (O), b-Phe®-

BN(6-13) methyl ester (C]), 0-Phe®-BN(6-13) ethyl amide (2), b-Phe®-
BN(6-13) propyl amide (@), His”-p-Ala"'-Lys'2-COCH,CH,-
Ph-BN(7-13) methyl amide (4), and Leu”-nb-(CHle-I)-Leu“-BN (). Data
were normalized to the maximal increase in intraceliular Ca* concentra-

tion stimulated by GRP and represent the average * standard eror of
three independent experiments.

mobilization is not required to achieve activation of cellu-
lar proliferation via the GRP receptor.

A number of other studies have also addressed the func-
tional activities of the BN analogs characterized in this pa-
per. Buchan et al. (22) found that p-Phe®-BN(6-13) propyl
amide (ITI) exhibited partial agonistic/antagonistic activity
at GRP receptors in human G cells, as assessed by measure-
ment of the GRP receptor-mediated secretion of gastrin.
D-Phe®-BN(6-13) methyl ester (I) displayed a purely antag-
onistic profile in this system. These results agree with the
findings presented in this paper. They also indicate that the

GRP Receptor Activation by BN Analogs 879

TABLE 4

Abiiity of BN analogs to stimulate Ca®* mobilization in GR9 celis
The ability of BN analogs to stimulate Ca?* mobilization in the absence of GRP
was assessed in GRS celis. The data represent the mean * standard error of three
independent experiments.

Analog Peptide Stimulation® ECso
% of maximum nu
GRP 100 0.17 = 0.06
I D-Phe®-BN(6-13) methyl ester ND?
] p-Phe®-BN(6-13) ethyl amide 48 214 * 16.2
Il p-Phe®-BN(6-13) propyl amide 74 20*13
IV 4-Pyridyl-CO-His”-p-Ala''-Lys'?- ND
COCH,CH,Ph-BN(7-13)
methyl amide
v Leu'3-y~(CH,NH)-Leu'*-BN 42 716 244

“ Normalized to the maximal stimulation produced by GRP.
© ND, not detectabile (<10%).

secretory response of human G cells has a sensitivity to
partial agonistic effects of BN analogs similar to that of the
mitogenic response of GR1 cells. This phenomenon may re-
sult from a relatively small number of activated receptors
being required to generate this response or the presence of a
large number of GRP receptors on these cells. Using the Ca?*
mobilization response in human small cell lung carcinoma
cells, which express relatively few BLP receptors (7), Staley
et al. (21) demonstrated that p-Phe®-BN(6-13) propyl amide
(IIT) is a complete antagonist. This result is consistent with
our finding that this compound does not stimulate Ca®*
mobilization in GR1 cells. Although p-Phe®-BN(6-13) propyl
amide (III) was able to partially activate a mitogenic re-
sponse in GR1 cells, it is not clear whether it would also
promote growth in cells that express fewer GRP receptors,
such as small cell lung carcinoma cell lines (7), or cells that
potentially exhibit differences in their coupling of GRP re-
ceptors to proliferative responses.

One compound with a reduced peptide bond motif was
characterized in our study, i.e., Leu!3-y-Leu!*-BN (V), which
also displayed significant partial agonistic/antagonistic ac-
tivity with respect to the mitogenesis of GR1 cells. A similar
profile has been found for this compound in human G cells
(42) and rat acinar cells (20), whereas the compound behaved
as a complete antagonist in canine G cells (43), guinea pig
acinar cells, and murine 3T3 cells (20). A large number of BN
analogs with a reduced peptide bond (-CH,-NH-) between
residues 13 and 14 have been generated (16), and further
work is warranted to assess their activities against the
human GRP receptor.

We have demonstrated that cells stably transfected with
BLP receptor cDNAs are useful for the characterization of
compound pharmacology. Such a model system provides a
number of advantages over available nontransfected human
cell lines for the pharmacological characterization of poten-
tial BLP receptor blockers. In particular, transfected cells
can be used in place of cells that poorly express a receptor of
interest or cells that express related receptors that may re-
spond to test compounds. The ability to express different
receptors in the same host also facilitates a direct comparison
of the pharmacology of different receptor variants. In this
regard, we have used BALB/3T3 cells ectopically expressing
the human NMB receptor and BLP receptor subtype 3 to
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characterize the activity of BLP analogs.? Others have also
ectopically expressed the rat NMB receptor in BALB/3T3
cells and found that it behaves very similarly to the NMB
receptor naturally expressed in C4 rat glioma cells or rat
esophageal muscle (24). Finally, BALB/3T3 cells can be
engineered to express receptors at different expression
levels. As demonstrated in this report, the effects of partial
receptor activators on intracellular signaling pathways
can vary greatly, depending upon the parameter of recep-
tor number.
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