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Abstract

Neuroendocrine tumors (NETs) of the gastrointestinal tract can be grossly divided into two general 

types: carcinoid and pancreatic endocrine tumors. The former develop in the luminal intestine 

whereas the latter occur within the pancreas. To ascertain whether pituitary adenylate cyclase-

activating polypeptide (PACAP) has a biological effect on the regulation of secretion or growth, 

we studied the well-established NET cell line, BON. BON cells have been shown previously to 

contain chromogranin A, neurotensin, and serotonin. In response to mechanical stimulation, BON 

cells have been demonstrated to release serotonin. The current article demonstrates that the high-

affinity PAC1 receptor is expressed on the NET cell line BON. These results indicate that PACAP 

may regulate the biological release of peptides and serotonin from BON cells and that, like in solid 

tumors, PACAP could potentially stimulate the growth of BON cells.
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INTRODUCTION

Neuroendocrine tumors (NETs) include both carcinoid and pancreatic endocrine tumors. 

Originally these tumors were referred to as argentaffin tumors with intracytoplasmic 

granules owing to their staining characteristics against chromogranin A, neuron-specific 

enolase, or synaptophysin.1 It is presumed that the majority of these tumors originate in the 

neuroendocrine cells of the gastrointestinal tract. Patients experience clinical syndromes that 

are related to the release of biologically active peptides and/or amines. For example, in 

patients presenting with carcinoid tumors, flushing and diarrhea are the characteristic 

symptoms.1

A useful way to investigate the biology of NETs is to study the BON cell line. This cell line 

that was originally developed by C.M. Townsend Jr., (University of Texas, Galveston, TX) is 

derived from a metastatic lymph node in a patient with a pancreatic NET.2 BON cells have 

been demonstrated to release a variety of peptides including transforming growth factor 

(TGF), fibroblast growth factor (FGF), and epidermal growth factor receptor (EGFR) as well 
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as peptides, such as pancreastatin, neurotensin, and the amine 5-HT.2 The release of 

secretory products, results in the clinical symptoms associated with these tumors.1

We have previously shown that receptors for pituitary adenylate cyclase-activating 

polypeptide (PACAP) can be identified on tumors originating from the lung, breast, and 

colon where stimulation by PACAP is linked to proliferative signaling pathways and tumor 

growth.3–5 We therefore proposed that, similar to solid tumors, receptors for PACAP are 

expressed on NETs and may mediate biological effects induced by PACAP, such as secretion 

and growth.

MATERIALS AND METHODS

Materials

BON tumor cells were obtained from Dr. Courtney Townsend. Cells were cultured using 

DMEM F:12 (Hyclone, Logan, UT) supplemented with 10% (v/v) fetal bovine serum (FBS), 

kanamycin (Gibco, Carlsbad, CA), and gentamicin (Sigma, St. Louis, MO) antibiotics. Cells 

were grown to confluency in a humidified atmosphere of 5% CO2 at 37°C.

Molecular Identification of PAC1

RT-PCR was used to demonstrate molecular expression of PAC1 R. These studies were 

performed on total RNA obtained from cells that were grown to confluency, using BD 

Biosciences’ Nucleospin RNA II Kit (Palo Alto, CA) according to the manufacturer’s 

instructions. PCR was performed in low salt Taq + DNA polymerase buffer and five units 

Taq + DNA polymerase (Stratagene, La Jolla, CA) in the presence of oligonucleotide 

primers under the following conditions: initial step (one cycle): 94°C for 2 min, 57°C for 1 

min, and 72°C for 2 min; followed by 94°C for 1 min, 57°C for 1 min, and 72°C for 2 min 

(30 cycles); and a final extension step (one cycle) at 94°C for 1 min, 57°C for 1 min, and 

72°C for 15 min. The sense primers used were: (SENSE 1) 

5ʹCGAGTGGACAGTGGCAGGCGGTGA3ʹ (52–77); and (SENSE 2) 

5ʹGCTCTCCCTGACTGCTCTCCTGCTG 3ʹ (145–170). The antisense primers used were: 

(ANTISENSE 1) 5ʹCAGTAGTGAGGGTGGCGAGGGAAGT3ʹ (611–636) and 

(ANTISENSE 2) 5ʹCAGTAGGTGTCCCCCAGCCGATGAT3ʹ (935–960).

Immunocytochemical Analysis of PAC1 R in BON Cells

In order to demonstrate the expression of PAC1 R on BON cells, we used 

immunofluorescent staining with antibodies specific to PAC1 R (CURE Antibodies Core), as 

described previously.5 Confocal microscopy was used to characterize the expression of 

PAC1 R. To perform these studies, BON cells were plated on polylysine-treated coverslips 

overnight and fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton-X, and then 

incubated at 4°C with polyclonal rabbit anti-PAC1 R (1:1000). To exclude nonspecific 

binding of the antibodies, BON cells were incubated with rabbit IgG (1µg/mL) as a negative 

control overnight at 4°C. The following day, the cells were washed with PBS, and then 

incubated with Alexa-488 (Molecular Probes, Eugene, Oregon)-conjugated secondary 

antibodies—goat anti-rabbit IgG antibodies. Cells were visualized using a Zeiss LSM 510 

Laser Scanning Microscope (Carl Zeiss, Thornwood, NY).
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RESULTS

Molecular Determination of PAC1 Expression

Specific primer pairs to detect expression of PAC1 R and VPAC1 R were chosen for these 

studies as described previously.6–8 RNA extracted from confluent BON cells only showed 

expression of PAC1 R and VPAC1-R. VPAC2 R was not detected in the test samples. These 

results demonstrate that high levels of PAC1 R and VPAC1 R mRNAs but not VPAC2 R 

mRNA are present in BON cells.

Immunocytochemistry

Immunocytochemistry and confocal microscopy were used to visualize PAC1 R in BON 

cells (FIG. 1). The cells were incubated with polyclonal rabbit anti-PAC1 antibodies or rabbit 

IgG as a negative control, followed by goat anti-rabbit FITC-conjugated antibodies. 

Expression of PAC1 R was detected at the surface of the BON cells. As a negative control, 

we used rabbit IgG followed by the secondary antibodies, to ascertain the specificity of the 

PAC1 R staining.

DISCUSSION

PACAP is a member of the vasoactive intestinal polypeptide (VIP) family of peptides.6 The 

cloning of the high-affinity receptor for PACAP (PAC1 R), specific for PACAP-27 and 

PACAP-38, has identified this receptor as a member of the seven transmembrane G protein–

coupled receptors family.6,9,10 PACAP binds with a high affinity to PAC1 R and with a lower 

affinity to VPAC1 R and VPAC2 R.11 Knowledge of the receptor structure has permitted the 

development of specific antibodies to detect receptors in native cell systems.12 PAC1 has 

been shown to be expressed on a number of tumor cell lines derived from lung, breast, and 

colonic solid tumors.3–5 In addition, PAC1 R has been shown to be expressed on the 

enterochromaffin-like cells of the gastric mucosa. In all these organs, PACAP stimulation 

leads to the proliferation of the cancer cells.4,13,14 Expression of PAC1 R on neuroendocrine 

tumoral cells, such as BON, has not been shown previously.

In this study, we report the presence of PAC1 receptors in BON cells by means of RT-PCR 

and immunohistochemical staining. Immunohistochemical analysis using confocal laser 

scanning microscopy, performed in BON cells, using specific rabbit polyclonal anti-PAC1 R 

antibodies, has provided evidence of PAC1 R expression on the cell membranes. To 

determine whether activated PACAP receptors expressed on the surface of BON cells lead to 

the activation of intracellular signaling pathways, involved in cellular proliferation and 

secretion it will be necessary to confirm these results with functional pharmacological and 

biochemical assays. The precise signaling pathway involved in activating mitogen-activated 

protein kinases (MAPKs) would presumably originate from the activation of Gαq. It has 

been previously demonstrated in solid tumors that the Gαq pathway is involved in this 

process, because inhibition of phospholipasc (PLC) or protein kinase C (PKC) results in 

blocking PACAP-induced activation of MAPKs.13 These observations suggest that PAC1 R, 

expressed on BON cells, could result in the activation of PKC, and thereby activate MAPK 

leading to cell proliferation. This hypothesis needs to be tested in BON cells. The expression 
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of PAC1 R on BON cells suggests that PACAP plays a role in stimulating the growth and 

survival of human NETs in vivo. These observations support the hypothesis that NETs cells 

can be stimulated by the neuropeptide PACAP.

In conclusion, the present data indicate that PAC1 R is expressed on neuroendocrine cells 

and suggests that PACAP may play a key role in the regulation of their growth. These data 

therefore may have important clinical implications by providing novel therapeutic targets to 

regulate the growth and development of NETs.
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FIGURE 1. 
Immunocytochemistry demonstrating PAC1 R expression in BON cells. The cells were 

incubated with anti-PAC1 R rabbit polyclonal antibodies followed by Alexa-488-conjugated 

goat anti-rabbit IgG as a second antibody.
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