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Abstract

Ž 6 11 13 14. Ž .A synthetic peptide, D-Phe , b-Ala , Phe , Nle bombesin- 6–14 was used to investigate the signal transduction mechanisms of
bombesin receptor subtype-3. Using NCI-1299a5 human lung cancer cells stably transfected with bombesin receptor subtype-3, 100 nM
Ž 6 11 13 14. Ž . 2q Ž 6D-Phe , b-Ala , Phe , Nle bombesin- 6–14 elevated the cytosolic Ca from 150 to 250 nM within 10 s. Addition of D-Phe ,

11 13 14. Ž .b-Ala , Phe , Nle bombesin- 6–14 caused phosphorylation of mitogen activated protein kinase in a time- and concentration-depen-
Ž 6 11 13 14. Ž .dent manner. The mitogen activated protein kinase phosphorylation caused by D-Phe , b-Ala , Phe , Nle bombesin- 6–14 was

X X Ž . Ž .inhibited by 2 -amino-3 -methyoxyflavone PD98059 , a mitogen activated protein kinase kinase MEK-1 inhibitor. Using a luciferase
Ž 6 11 13 14. Ž .reporter gene construct, D-Phe , b-Ala , Phe , Nle bombesin- 6–14 caused Elk-1 activation after 10 min and the increase in Elk-1

Ž 6 11 13 14. Ž .activation caused by D-Phe , b-Ala , Phe , Nle bombesin- 6–14 was inhibited by PD98059 as well as a dominant-negative MEK-1.
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 caused increased c-fos as well as c-jun mRNAs 1 h after addition to NCI-H1299a5

Ž 6 11 13 14. Ž .cells. The 47-fold increase in c-fos mRNA caused by 100 nM D-Phe , b-Ala , Phe , Nle bombesin- 6–14 was inhibited by
Ž 24 26 26,27 27.PD98059, a dominant-negative MEK-1 and a substance P antagonist but not 3-phenylpropanoyl-D-Ala , Pro , Psi , Phe GRP-

Ž . Ž . Ž 6 11 13 14. Ž .20–27 BW2258U89 , a GRP receptor antagonist. These results indicate that D-Phe , b-Ala , Phe , Nle bombesin- 6–14 caused
increased nuclear oncogene expression and upstream events include mitogen activated protein kinase phosphorylation and Elk-1
activation. q 2001 Published by Elsevier Science B.V.
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1. Introduction

The bombesin family of peptides, including gastrin
releasing peptide and neuromedin B, are biologically ac-

Žtive in the central nervous system and periphery Anastasi
.et al., 1973; Merali et al., 1983; Moody et al., 1981 . Four

types of bombesin receptors have been cloned. The gastrin
releasing peptide receptor is a 384 amino acid protein
which contains seven transmembrane domains and is cou-

Žpled to guanine nucleotide binding protein Battey et
.al.,1991; Spindel et al., 1990 . The activated gastrin releas-

ing peptide receptor and the neuromedin B receptor, which

) Corresponding author. Tel.: q1-301-402-3128, ext. 315; fax: q1-
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is a 390 amino acid protein, cause phosphatidylinositol
Ž .turnover Wada et al., 1991 . The resulting inositol-1,4,5-

trisphosphate causes release of Ca2q from intracellular
Ž .organelles Moody et al., 1995b . The diacylglycerol re-

leased activates protein kinase C, which phosphorylates
Ž .cytosolic protein substrates Draoui et al., 1993 . Mitogen

activated protein kinase is activated, leading to increased
Ž .nuclear oncogene expression Moody et al., 1996 . Both

gastrin releasing peptide and neuromedin B receptor acti-
vation stimulate the proliferation of small cell lung cancer
Ž .SCLC cells; however, the role of bombesin receptor
subtype-3 is unknown.

The bombesin receptor subtype-3 receptor is a 399
amino acid protein that has approximately 50% amino acid
sequence homology to the gastrin releasing peptide and

Ž .neuromedin B receptor Fathi et al., 1993 . The bombesin
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receptor subtype-3 has been localized to spermatocytes,
pregnant uterus, the central nervous system and breast
Ž .Gorbulev et al., 1992 . In bombesin receptor subtype-3
deficient mice, however, obesity develops as do hyper-

Ž .tension and diabetes Ohki-Hamazaki et al., 1997 . The
endogenous ligand for bombesin receptor subtype-3 is
unknown. Bombesin receptor subtype-3 binds gastrin re-
leasing peptide, bombesin and neuromedin B with low

Ž 6 11affinity; however, the synthetic peptide D-Phe , b-Ala ,
13 14. Ž .Phe , Nle bombesin- 6–14 binds with high affinity to

bombesin receptor subtype-3 as well as gastrin releasing
Ž .peptide and neuromedin B receptors Mantey et al., 1997 .

The second messengers induced by bombesin receptor
subtype-3 activation are just beginning to be explored
Ž .Ryan et al., 1998a, b . Bombesin receptor subtype-4 has

Žbeen cloned and binds bombesin with high affinity Nagalla
.et al., 1995 .

In the present study, the second messengers associated
with bombesin receptor subtype-3 activation were investi-

Ž 6 11 13 14. Ž .gated. D-Phe , b-Ala , Phe , Nle bombesin- 6–14 in-
creased cytosolic Ca2q, mitogen activated protein kinase
phosphorylation, Elk-1 activation and nuclear oncogene
after addition to a human lung cancer cell line NCI-H1299
transfected with bombesin receptor subtype-3. The in-

Ž 6 11crease in c-fos gene mRNA caused by D-Phe , b-Ala ,
13 14. Ž .Phe , Nle bombesin- 6–14 was inhibited by a domi-

nant-negative MEK-1 and the MEK-1 inhibitor 2X-amino-
X Ž .3 -methyoxyflavone PD98059 . Our results indicate that
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 caused
increased nuclear oncogene expression in a MEK-1-depen-
dent manner using lung cancer cells.

2. Materials and methods

2.1. Cell culture

ŽNCI-H1299 cells were cultured in RPMI-1640 Carney
.et al., 1985 containing 10% heat-inactivated fetal bovine

Ž .serum Life Technologies, Rockville, MD . The cells were
split weekly with trypsin-ethylenediamino-tetraacetic acid
Ž . Ž .EDTA Life Technologies . The cells were mycoplasma
free and were used when they were in exponential growth
phase after incubation at 378C in 5% CO r95% air.2

Because native NCI-H1299 cells have low levels of
bombesin receptor subtype-3, they were transfected with
human bombesin receptor subtype-3 cDNA containing an
amino-terminal flag epitope subcloned into the expression

Žvectors pCD2 and pcDNA3 with lipofectamine Mantey et
.al., 1997 . The resulting stably transfected cells overex-

pressing bombesin receptor subtype-3 were cultured in
RPMI-1640 containing 10% fetal bovine serum and 300

Ž .mgrml G418 sulfate Sigma, St. Louis, MO . Clone NCI-
H1299a5 had a bombesin receptor subtype-3 density of
80,000 receptorsrcell.

2.2. Cytosolic Ca2 q

Ž 6 11 13 14.The ability of D-Phe , b-Ala , Phe , Nle bombesin-
Ž . 2q6–14 to alter cytosolic Ca was investigated. NCI-

Ž 6 .H1299a5 cells were harvested 2.5=10 rml and loaded
with 5 mM Fura 2-AM at 378C for 30 min in SIT medium
Ž y8RPMI-1640 containing 3=10 M sodium selenite, 5

Ž .mgrml bovine insulin and 10 mgrml transferrin Sigma
Ž .as described previously Moody et al., 1987 . The fluores-

cence intensity was continuously monitored using a
Perkin-Elmer LS2 spectrofluorometer equipped with a

Ž .magnetic stirring mechanism and temperature 378C -regu-
lated cuvette holder prior to and after the addition of
peptide, and the Ca2q concentrations were calculated.

2.3. Western blot

Ž 6 11 13 14.The ability of D-Phe , b-Ala , Phe , Nle bombesin-
Ž .6–14 to cause phosphorylation of mitogen activated pro-

Ž .tein kinase was investigated Villalba et al., 1997 . NCI-
H1299a5 cells were cultured in 15-cm dishes. When a
monolayer of cells was formed, they were placed in SIT
media containing 0.5% fetal bovine serum overnight. Three
hours before treatment cells were placed in fresh SIT

Ž 6 11 13media. Cells were treated with D-Phe , b-Ala , Phe ,
14 . Ž .Nle bombesin- 6–14 for 2 min, washed twice with PBS

Ž .and lysed in buffer containing 50 mM Tris–HCl pH 7.5 ,
150 mM sodium chloride, 1% Triton X-100, 1% deoxy-

Žcholate, 1% sodium azide, 1 mM ethyeneglycol bis b-
. X X Ž .aminoethylether -N, N, N , N -tetraacetic acid EGTA , 0.4

mM EDTA, 1.5 mgrml aprotinin, 1.5 mgrml leupeptin, 1
mM phenylmethylsulfonylfluoride and 0.2 mM sodium

Ž .vanadate Sigma . The lysate was sonicated for 5 s at 48C
and centrifuged at 10,000=g for 15 min. Protein concen-

Žtration was measured by using a kit Pierce Chemical,
.Rockland, IL ; 150 mgrml of protein was incubated with

Ž4 mg of anti-mitogen activated protein kinase Upstate
.Biotechnologies, Lake Placid, NY antibody, 4 mg of goat

Ž .anti-rabbit immunoglobulin Ig G and 30 ml of protein
Ž .A-agarose Sigma overnight at 48C. The immunoprecipi-

tates were washed three times with phosphate buffered
Ž .saline PBS and analyzed by sodiumdodecylsulfaterpoly-

acrylamide gel electrophoresis and Western blotting. Im-
munoprecipitates were fractionated using 10% polyacryl-
amide gels. Membranes were blocked overnight at 48C

Žusing blotto 5% non-fat dried milk in solution containing
Ž .50 mM TrisrHCl pH 8.0 , 2 mM calcium chloride, 80

mM sodium chloride, 0.05% Tween 20 and 0.02% sodium
Ž .azide Sigma . The membranes were treated with anti-

Žphospho mitogen activated protein kinase antibody Up-
.state Biotechnologies and incubated for 2 h at 258C with

anti-mouse IgG-horseradish peroxidase conjugate. The
membrane was washed for 10 min with blotto and twice

Ž Žfor 10 min with washing solution 50 mM Tris–HCl pH
.8.0 , 2 mM calcium chloride, 80 mM sodium chloride,



( )H.C. Weber et al.rEuropean Journal of Pharmacology 412 2001 13–20 15

. Ž .0.05% Tween 20 and 0.02% sodium azide Sigma . The
blot was incubated with enhanced chemiluminescence de-
tection reagent for 5 min and exposed to Hyperfilm ECL
Ž .Amersham, Chicago, IL . The density of bands was deter-
mined using a densitometer.

2.4. Elk-1

A reporter construct system was used to study Elk-1
Ž .activation Westwick et al., 1994 . NCI-H1299a5 cells

were cotransfected with the Elk-1 transcription factor acti-
Ž .vation domain fused to a Gal-4 binding protein 0.5 mg

Žand the Gal-4 promoter coupled to the luciferase gene 1
. Ž .mg Life Technologies using lipofectamine. After 6 h in

SIT medium, the cells were fed with RPMI-1640 contain-
ing 10% fetal bovine serum. After 24 h, the cells were

Ž 6 11 13placed in SIT medium and with D-Phe , b-Ala , Phe ,
14 . Ž .Nle bombesin- 6–14 added. After 10 min, the old

medium was removed and 300 ml of lysis buffer added.
Ž .ATP and luciferin were added to the sample 20 ml and

relative intensity determined in a luminometer.

2.5. Northern blot

Ž 6 11 13 14.The ability of D-Phe , b-Ala , Phe , Nle bombesin-
Ž .6–14 to stimulate nuclear oncogene expression was in-
vestigated. For the c-fos experiments, NCI-H1299a5 cells
were cultured with SIT medium containing 0.5% fetal

Ž 6 11bovine serum, treated with 100 nM D-Phe , b-Ala ,
13 14. Ž .Phe , Nle bombesin- 6–14 in the presence or absence

Žof competitor for 60 min, as described previously Draoui
.et al., 1995 .

3. Results

3.1. Cytosolic Ca2 q

Ž 6 11Fig. 1 shows that addition of 100 nM D-Phe , b-Ala ,
13 14. Ž . 2qPhe , Nle bombesin- 6–14 caused cytosolic Ca to

increase from 150 to 250 nM within 10 s after addition to
NCI-H1299a5 cells. The response was maximal after 10 s
and the cytosolic Ca2q returned to baseline after 60 s. If a

Ž 6 11 13 14.second dose of D-Phe , b-Ala , Phe , Nle bombesin-
Ž .6–14 was added, no response was seen. Similarly, 10 nM
bombesin caused cytosolic Ca2q to increase in NCI-
H1299a5 within 10 s from 150 to 190 nM. If 100 nM
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 was sub-
sequently added, the cytosolic Ca2q increased from 150 to
250 nM. In contrast, if a second dose of 10 nM bombesin
was added, there was no increase in the cytosolic Ca2q

Ž .data not shown . These results suggest that bombesin
primarily activates gastrin releasing peptide receptors on

Ž 6 11 13NCI-H1299a5 cells whereas D-Phe , b-Ala , Phe ,
14 . Ž .Nle bombesin- 6–14 primarily activates bombesin re-

2q Ž . Ž 6 11 13 14 .Fig. 1. Cytosolic Ca . Left D-Phe , b-Ala , Phe , Nle bombesin-
Ž . ŽŽ . 6 – 14 . 2q6–14 FAFN BB , 100 nM, increased the cytosolic Ca in

Ž .NCI-H1299a5 cells after a first, but not second, addition. Right
Ž . 2qBombesin BB , 100 nM, increased the cytosolic Ca as did subsequent

Ž 6 11 13 14 . Ž .addition of 100 nM D-Phe , b-Ala , Phe , Nle bombesin- 6–14 .
This experiment is representative of two others.

ceptor subtype-3. In this experiment and two others, the
2q Ž 6 11cytosolic Ca response induced by D-Phe , b-Ala ,

13 14. Ž .Phe , Nle bombesin- 6–14 was larger than that of
bombesin.

3.2. Mitogen actiÕated protein kinase

Fig. 2 shows that low levels of phosphorylated mitogen
activated protein kinase were detected in NCI-H1299a5
cells. Both the 42 and 44 kDa form of mitogen activated
protein kinase were maximally phosphorylated, 1–2 min

Ž 6 11 13after addition of 100 nM D-Phe , b-Ala , Phe ,
14 . Ž .Nle bombesin- 6–14 , whereas 10 min after addition of

Ž 6 11 13 14. Ž .100 nM D-Phe , b-Ala , Phe , Nle bombesin- 6–14
there was little increase in mitogen activated protein kinase
phosphorylation. The MEK-1 inhibitor, PD98059, inhib-
ited the increase in mitogen activated protein kinase phos-

Ž 6 11 13phorylation caused by 100 nM D-Phe , b-Ala , Phe ,
14 . Ž .Nle bombesin- 6–14 . In contrast, 100 nM bombesin

weakly increased mitogen activated protein kinase phos-
Ž .phorylation data not shown . These results suggest that

mitogen activated protein kinase is phosphorylated by
MEK-1 in NCI-H1299a5 cells after addition of 100 nM
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 .

3.3. Elk-1

A reporter gene system was used to study the activation
of Elk-1. Fig. 3 shows that the baseline was 47,914 relative
luciferase units whereas activation by a ras construct in-
creased the intensity 7-fold to 361,042. The intensity in-
creased to 79,607, 10 min after the addition of 100 nM
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 . The in-
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Fig. 2. Mitogen activated protein kinase phosphorylation. By Western
blot, the phosphorylation of mitogen activated protein kinase p42 and p44

Ž . 6 – 14 .was determined after no additions, addition of FAFN BB , and 100
Ž . 6 – 14nM FAFN BB plus 10 mM PD98059. This experiment is representa-

tive of two others.

Ž 6 11crease in Elk-1 activation caused by D-Phe , b-Ala ,
13 14. Ž .Phe , Nle bombesin- 6–14 was reduced by 10 mM

PD98059 to 55,956. Transfection with a dominant-nega-
tive MEK-1 reduced by 78% the stimulation caused by
Ž 6 11 13 14. Ž . ŽD-Phe , b-Ala , Phe , Nle bombesin- 6–14 data not

. Ž 6 11 13shown . These results indicate that D-Phe , b-Ala , Phe ,
14 . 6 – 14Nle bombesin causes Elk-1 activation in a MEK-1

dependent manner in NCI-H1299a5 cells.

Ž .Fig. 3. Elk-1 activation and PD98059. The ability of no additions I ,
Ž . 6 – 14 Ž . Ž . 6 – 14100 nM FAFN BB Z , 100 nM FAFN BB q10 mM PD98059

Ž . Ž .o and ras I to activate elk-1 was determined using a reporter gene
construct. The relative luminometer intensity was determined. The mean
value"S.D. of two determinations is indicated. This experiment is
representative of two others.

Ž .Fig. 4. c-fos mRNA. Top The c-fos mRNA was determined as a
Ž 6 11 13function of time after addition of 100 nM D-Phe , b-Ala , Phe ,

14 . Ž . Ž .Nle bombesin- 6–14 to NCI-H1299a5 cells. Bottom Ethidium bro-
mide staining. This experiment is representative of three others.

3.4. Nuclear oncogene expression

Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 caused
increased c-fos mRNA in a time-dependent manner. Fig. 4

Ž 6shows that 1–1.5 h after the addition of 100 nM D-Phe ,
11 13 14. Ž .b-Ala , Phe , Nle bombesin- 6–14 , c-fos mRNA was

Ž 6 11 13 14 . Ž .Fig. 5. c-fos mRNA and D-Phe , b-Ala , Phe , Nle bombesin- 6–14
Ž .concentration. Top The c-fos mRNA was determined 1 h after the

Ž . 6 – 14addition of varying concentrations of FAFN BB to NCI-H1299a5
Ž .cells. Bottom Ethidium bromide staining. This experiment is representa-

tive of three others.
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maximal. c-fos mRNA was only slightly increased 3 h
Ž 6 11 13 14.after addition of D-Phe , b-Ala , Phe , Nle bombesin-

Ž .6–14 to NCI-H1299a5 cells. c-fos mRNA increased
Ž 6strongly 1 h after addition of 10 and 100 nM D-Phe ,

11 13 14. Ž .b-Ala , Phe , Nle bombesin- 6–14 but not 0.1 and 1
Ž 6 11 13 14. Ž . ŽnM D-Phe , b-Ala , Phe , Nle bombesin- 6–14 Fig.

.5 . Thus, c-fos mRNA was increased in a time- and
Ž 6 11concentration-dependent manner after D-Phe , b-Ala ,

13 14. Ž .Phe , Nle bombesin- 6–14 addition.
Fig. 6 shows that, 10 nM bombesin caused a slight

increase in c-fos gene expression 1 h after addition to
NCI-H1299a5 cells. The increase in c-fos mRNA caused

Žby bombesin was blocked by 1 mM 3-phenylpropanoyl-D-
24 26 26,27 27. Ž . Ž .Ala , Pro , Psi , Phe GRP- 20–27 BW225U89 , a

gastrin releasing peptide receptor antagonist. c-fos mRNA
was strongly increased 1 h after addition of 100 nM
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 to NCI-
H1299a5 cells and the increase in c-fos gene expression
was minimally affected by 1 mM BW2258U89. These
results indicate that BW2258U89 is a gastrin releasing
peptide receptor but not bombesin receptor subtype-3 an-

Ž 1 2tagonist. Fig. 7 shows that 10 mM D-Arg , D-Pro , D-
7,9 11.Trp , Leu substance P and 10 mM PD98059 strongly

inhibited the increase in c-fos mRNA caused by 100 nM
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 after 1 h.
Similarly, if NCI-H1299a5 cells were transfected with a

Ž . Ž 6dominant-negative MEK-1 0.5 mg , 100 nM D-Phe ,
11 13 14. Ž .b-Ala , Phe , Nle bombesin- 6–14 had little effect on

Ž 6 11 13 14. Žc-fos mRNA. D-Phe , b-Ala , Phe , Nle bombesin- 6–
.14 increased c-fos, c-jun and c-myc mRNA by 47-, 6- and

Ž .12-fold, respectively data not shown . These results sug-
Ž 6 11 13 14. Ž .gest that D-Phe , b-Ala , Phe , Nle bombesin- 6–14

Fig. 6. c-fos mRNA and gastrin releasling peptide receptor antagonists.
Ž . Ž 6 11 13 14 .Top The ability of 100 nM D-Phe , b-Ala , Phe , Nle bombesin-
Ž . Ž . Ž .6–14 a,b or 10 nM bombesin c,d to increase c-fos mRNA was

Ž . Ž .determined in the absence b,d or presence a,c of 1 mM BW2258U89.
Ž .Bottom Ethidium bromide staining. This experiment is representative of
three others.

Fig. 7. c-fos mRNA and MEK-1. The increase in c-fos mRNA caused by
Ž . 6 – 14addition of 100 nM FAFN BB to NCI-H1299a5 cells was inhibited

Ž 1 2 7,9 11. ŽŽ . .by 10 mM D-Arg , D-Pro , D-Trp , Leu substance P APTTL SP
and 10 mM PD98059. Also, if NCI-H1299a5 cells were transfected with

Ž . Ž . 6 – 14a dominant-negative DN MEK-1, 100 nM FAFN BB had little
Ž .effect on c-fos mRNA. Bottom Ethidium bromide staining. This experi-

ment is representative of two others.

caused increased nuclear oncogene expression in a MEK-1
dependent manner.

4. Discussion

Bombesin receptor subtype-3 is an orphan receptor of
the bombesin family. Previously, we found that gastrin
releasing peptide and neuromedin B activated unique re-

Žceptors causing phosphatidylinositol turnover Mahmoud
.et al., 1991; Wada et al., 1991 . The diacylglycerol re-

leased activated protein kinase C resulting in phosphoryla-
tion of protein substrates. Mitogen activated protein kinase
was activated leading to increased expression of nuclear
oncogenes. Here the signal transduction mechanisms of

Žbombesin receptor subtype-3 were investigated using D-
6 11 13 14. Ž .Phe , b-Ala , Phe , Nle bombesin- 6–14 .

Because few native cell lines that express high levels of
bombesin receptor subtype-3 are known, NCI-H1299 cells

Žwere transfected with bombesin receptor subtype-3 clone
a5 has 80,000 receptorsrcell and slightly lower receptor
densities were observed in clones a12, a25 and a26
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Ž ..Mantey et al., 1997 . Native NCI-H1299 cells have low
Žlevels of gastrin releasing peptide receptors Moody et al.,

. 1251996 . Bombesin inhibited I-gastrin releasing peptide
binding to NCI-H1299 cells with an IC value of 2 nM.50
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 bound

Žwith a K of 30 nM to NCI-H1299a5 cells Mantey et al.,d
. Ž 6 11 13 14.1997 . Also, 100 nM D-Phe , b-Ala , Phe , Nle -

Ž .bombesin- 6–14 caused phosphatidylinositol turnover and
elevated cytosolic Ca2q with an ED value of 50 nM50
Ž . Ž 6Ryan et al., 1998a,b . Using NCI-H1299a5 cells D-Phe ,

11 13 14. Ž .b-Ala , Phe , Nle bombesin- 6–14 primarily activated
bombesin receptor subtype-3 and caused a strong biologi-
cal response; however, bombesin primarily activated gas-
trin releasing peptide receptors and caused a weaker re-
sponse. The signal transduction mechanisms, however, for
bombesin receptor subtype-3 and gastrin releasing peptide
receptors appear similar.

Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 caused
an increase in cytosolic Ca2q within 10 s after addition to
NCI-H1299a5 cells. In contrast, the increase in phospho-
rylation of both the 42 and 44 kDa forms of mitogen
activated protein kinase was maximal 2 min after the

Ž 6 11 13 14.addition of 100 nM D-Phe , b-Ala , Phe , Nle -
Ž .bombesin- 6–14 to NCI-H1299a5 cells. The increase in

mitogen activated protein kinase phosphorylation but not
2q Ž 6 11 13cytosolic Ca caused by 100 nM D-Phe , ß-Ala , Phe ,

14 . Ž .Nle bombesin- 6–14 was inhibited by PD98059;
PD98059 inhibits the ability of MEK-1 to phosphorylate
mitogen activated protein kinase on Thr183 and Tyr185

Ž .Alessi et al., 1995; Dudley et al., 1995 . Preliminary data
Ž .T. Moody, unpublished indicate that mitogen activated
protein kinase phosphorylation was inhibited by a domi-
nant-negative MEK-1 and GF109203x, a protein kinase C

Ž 6inhibitor. These results suggest that addition of D-Phe ,
11 13 14. Ž .ß-Ala , Phe , Nle bombesin- 6–14 to NCI-H1299a5

cells causes mitogen activated protein kinase phosphoryla-
tion in a MEK-1 and protein kinase C dependent manner.
Previously, we found that bombesin caused phosphoryla-
tion of the mitogen activated protein kinase substrate
myelin basic protein in a MEK-1 dependent manner using

Ž .NCI-H1299 cells Koh et al., 1999 .
A reporter system was used to assess Elk-1 activity.

The number of relative luciferase units increased by ap-
proximately 50%, 20 min after the addition of 100 nM
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 to NCI-
H1299a5 cells. A dominant negative MEK-1, GF109203x
and PD98059 inhibited most of the increase in Elk-1

Ž 6 11 13activation caused by 100 nM D-Phe , b-Ala , Phe ,
14 . Ž .Nle bombesin- 6–14 . As a positive control, ras transfec-

tion maximally increased Elk-1 expression 9-fold. It re-
mains to be determined if ras andror raf is activated after

Ž 6 11 13 14. Žaddition of D-Phe , b-Ala , Phe , Nle bombesin- 6–
. Ž .14 to NCI-H1299a5 cells Whitmarsh and Davies, 1996 .

Previous studies indicate that protein kinase C inactivation
Žreduces mitogen activated protein kinase activity Hoshi et

.al., 1989 . Further protein kinase C activation of mitogen

activated protein kinase can be both ras-dependent and
Ž .ras-independent VanRenterghem et al., 1994 . The Ras-in-

dependent activation of mitogen activated protein kinase
may result when protein kinase C phosphorylates Raf
Ž .Sozeri et al., 1992; Kolch et al., 1993 . In turn, MEK-1
and mitogen activated protein kinase are phosphorylated
Ž .Chen et al., 1992 . Mitogen activated protein kinase may
then be translocated into the nucleus where it activates

Ž .Elk-1 Kortenjann et al., 1994 . Elk-1 phosphorylation
leads to activation of serum response factor promoter
elements, leading to increased immediate-early gene ex-

Žpression such as c-fos Hipskind et al., 1994; Beno et al.,
.1995 .

Ž 6 11 13 14.Addition of D-Phe , b-Ala , Phe , Nle bombesin-
Ž .6–14 to NCI-H1299a5 cells increased c-fos and c-jun
mRNAs. The increase in c-fos gene expression caused by
Ž 6 11 13 14. Ž .D-Phe , b-Ala , Phe , Nle bombesin- 6–14 was time-
and concentration-dependent, being maximal 1 h after

Ž 6 11 13 14.addition of 100 nM D-Phe , b-Ala , Phe , Nle -
Ž .bombesin- 6–14 to NCI-H1299a5 cells. The increase in

Ž 6 11c-fos gene expression caused by 100 nM D-Phe , b-Ala ,
13 14. Ž .Phe , Nle bombesin- 6–14 was inhibited approxi-

mately 68% and 78% by a dominant-negative MEK-1 and
PD98059, respectively. The c-fos and c-jun may form
heterodimers and activate AP-1 sites on the 5X upstream
regulatory regions of lung cancer growth factor genes.

Gastrin releasing peptide receptor antagonists such as
BW2258U89 blocked the increase in c-fos mRNA caused
by bombesin using NCI-H1299a5 cells. Peptide antago-
nists for the gastrin releasing peptide receptor inhibit lung

Žcancer proliferation in vitro and in vivo Moody et al.,
.1995a; Yano et al., 1992 . Gastrin releasing peptide recep-

tor antagonists and neuromedin B receptor antagonists
Žhave little effect on bombesin receptor subtype-3 Mantey

.et al., 1997, Eden et al., 1996 . The broad spectrum
Ž 1 2 7,9substance P receptor antagonist D-Arg , D-Pro , D-Trp ,

11.Leu substance P can block both gastrin releasing peptide
Žand neuromedin B receptors with low affinity Bepler et

.al., 1988; Woll and Rozengurt, 1988 . Also, substance P
receptor antagonists inhibit the growth of SCLC xenografts

Ž . Žin nude mice Sethi et al., 1992 . Preliminary data T.
. Ž 1 2Moody, unpublished indicate that D-Arg , D-Pro , D-

7,9 11.Trp , Leu substance P inhibited the increase in cytoso-
lic Ca2q, mitogen activated protein kinase phosphorylation

Ž 6 11 13and elk-1 activation caused by D-Phe , b-Ala , Phe ,
14 . Ž . Ž 1Nle bombesin- 6–14 . These results suggest that D-Arg ,

2 7,9 11.D-Pro , D-Trp , Leu substance P is also a bombesin
receptor subtype-3 antagonist.

Previously we found that addition of gastrin releasing
peptide or neuromedin B increased SCLC colony forma-

Ž .tion Carney et al., 1985 . Recently, we found that treat-
Ž 6 11 13ment of NCI-H1299a5 cells with D-Phe , b-Ala , Phe ,

14. Ž . ŽNle bombesin- 6–14 increases colony number T.
.Moody unpublished . Thus, bombesin receptor subtype-3

activation may cause proliferation of lung cancer cells.
Previously we found that PD98059 decreased lung cancer
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Ž .colony number Koh et al., 1999 . These results suggest
that mitogen activated protein kinase activation is impor-
tant for lung cancer proliferation in vitro.

In summary, bombesin receptor subtype-3 activation
causes increased c-fos mRNA in lung cancer cells and
upstream events include mitogen activated protein kinase
phosphorylation and elk-1 activation.
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