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Abstract
Carcinoid tumors are rare neuroendocrine tumors with a predilection for the gastrointestinal tract.
Protein kinase D (PKD), a novel serine/threonine protein kinase, has been implicated in the regulation
of transport processes in certain cell types. We have reported an important role for PKD in stimulated
peptide secretion from a human (BON) carcinoid cell line; however, the role of PKD isoforms,
including PKD2, in the proliferation and invasion of carcinoid tumors remains unclear. In the present
study, we found that overexpression of PKD2 by stable transfection of BON cells with PKD2-wild
type (PKD2WT) significantly increased proliferation and invasion compared to cells transfected with
PKD2-kinase dead (PKD2KD) or pcDNA3 (control). Similarly, inhibition of PKD2 activity with
small interfering RNA (siRNA) significantly decreased proliferation and invasion compared to cells
transfected with non-targeting control (NTC) siRNA. These data support an important role for PKD2
in carcinoid tumor progression. Targeted inhibition of the PKD family may prove to be a novel
treatment option for patients with carcinoid tumors.
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INTRODUCTION
Carcinoid tumors, rare neuroendocrine tumors with a predilection for the gastrointestinal tract
[1], are a morphologically and physiologically diverse subset of tumors, synthesizing a variety
of bioactive substances, including serotonin, histamine, chromogranin A, prostaglandins, and
intestinal hormones [2]. The release of these amines and peptides may cause a devastating
sequelae known as carcinoid syndrome in the presence of liver metastasis or retroperitoneal
disease, with characteristic symptoms such as cutaneous flushing, abdominal cramping,
diarrhea, bronchospasm and tricuspid valve thickening [3–5]. Carcinoids are generally slow-
growing, indolent neoplasms, but multicentricity and early metastasis occur in a subset of
aggressive tumors. Factors thought to regulate growth and stimulate invasion of carcinoid
tumors include gastrin, serotonin, hepatocyte growth factor (HGF), and insulin growth factor
(IGF), among others [6]. Factors found to inhibit tumor secretion, growth, and metastasis
include the inhibitory hormone somatostatin, α-interferon, and the inhibitor of polyamine
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biosynthesis, α-difluoromethylornithine (DFMO) [5,7–10]. However, the molecular
mechanisms linking growth factor signaling to carcinoid growth and invasion are poorly
understood.

Protein kinase D (PKD), a novel family of diacylglycerol (DAG)-stimulated serine/threonine
protein kinases which includes PKD1, PKD2, and PKD3, lies downstream of PKCs in a novel
signal transduction pathway [11–13]. PKD family proteins have recently been implicated in
myriad fundamental biological processes, including Golgi organization, hormone secretion,
vesicle transport, proliferation, tumor metastasis, and immune responses [14]. Like PKD1,
which is known to be activated by upstream PKC isoforms, PKD2 is also activated through
the induction of PKC. Known stimulators of PKD2 activity include phorbol esters, growth
factors, and neuropeptides such as gastrin, bombesin, and neurotensin [13,15,16], suggesting
an important role for PKD2 in growth factor-mediated cell proliferation. Preliminary evidence
suggests an important role for PKD2 in the regulation of tumor cell survival [12]; however,
the mechanisms contributing to PKD2-mediated cell cycle regulation have not yet been
delineated.

Progress in the management of carcinoid tumors has been hampered by the relative rarity of
the disease and the lack of carcinoid tumor models to evaluate tumor behavior. In this regard,
the novel BON cell line, established from a human pancreatic carcinoid tumor and
characterized in our laboratory [5], represents one of the only carcinoid cell lines in the world
and has proven to be a valuable in vitro and in vivo carcinoid tumor model. BON cells display
morphological and physiological characteristics consistent with the carcinoid phenotype,
including the presence of numerous dense core granules and the expression and secretion of
chromogranin A, serotonin, pancreastatin, and other peptides. The BON cell line is especially
useful in the delineation of mechanisms underlying tumor hormone secretion, growth, and
invasion, and serves as a novel model for carcinoid behavior [5,9–11]. We have previously
utilized the cell line to study the effects of various agents on tumor growth in vivo, and have
defined an important role for PKD in neurotensin secretion in vitro. The purpose of our current
study was to determine the role of the PKD2 isoform on BON cell growth and invasion.

MATERIALS AND METHODS
Reagents and antibodies

The anti-PKD2 polyclonal antibodies were from Abcam (Cambridge, MA). The anti-GST-
FITC antibody was from Alpha Diagnostic International (San Antonio, TX). The wild-type
and kinase-dead GST-PKD2 constructs were from Dr. Vivek Malhotra (University of
California San Diego). PKD2 and non-targeting siRNA were synthesized by custom
SMARTPool siRNA Design Service of Dharmacon (Lafayette, CO). The enhanced
chemiluminescence (ECL) system for Western immunoblot analysis was from Amersham
Biosciences (Piscataway, NJ). Immun-Blot polyvinylidene difluoride (PVDF) membranes
were from Bio-Rad (Hercules, CA). Cell lysis buffer was from Cell Signaling (Danvers, MA).
Tissue culture media and reagents were from Invitrogen (Carlsbad, CA). Cell Proliferation
MTT assay was from Roche (Indianapolis, IN). BD Biocoat Matrigel Invasion assay was from
BD Biosciences (San Jose, CA).

Cell culture and establishment of stable cell lines
BON cells are maintained in a 1:1 mixture of Dulbecco’s modified Eagle’s medium and nutrient
mixture, F12K, supplemented with 5% fetal bovine serum in 5% CO2 at 37°C. BON cell clones
expressing GST-PKD2WT (wild type) and GST-PKD2KD (kinase dead) were established in
our laboratory. Briefly, parental BON cells were co-transfected with pcDNA3 (vector), GST-
PKD2WT, or GST-PKD2KD by electroporation. Stably transfected clones were selected in
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medium containing 800 μg/ml of G418 (Cellgro). Individual G418-resistant clones were
isolated using trypsin, transferred, and subcultured. Stable cell clones were screened by
immunofluorescent staining using anti-GST-FITC antibody and fluorescent microscopy. Once
established, clones were maintained in media containing 400 μg/ml of G418.

siRNA transfection
Non-targeting control (NTC) or PKD2 siGENOME siRNA (200nM) was transfected into BON
cells by electroporation (400 V, 500 μfarads) using GenePulser XCell (Bio-Rad). Cells were
allowed to grow in media for 24 h and were subsequently trypsinized for use in MTT or invasion
assays.

Protein preparation and Western blotting
After treatment or transfection, Western immunoblot analyses were performed as described
previously [17]. Cells were incubated with lysis buffer at 4°C for 30 min. Lysates were clarified
by centrifugation (10,000 × g for 30 min at 4°C) and protein concentrations determined using
the method of Bradford [18]. Briefly, total protein (60 μg) was resolved on a 10% Nu-PAGE
Bis-Tris gel and transferred to PVDF membranes. Filters were incubated overnight at 4°C in
blotting solution (Tris-buffered saline containing 5% nonfat dried milk and 0.1% Tween 20),
followed by a 1 h incubation with primary antibodies. Filters were washed three times in a
blocking solution and incubated with horseradish peroxidase-conjugated secondary antibodies
for 1 h. After three additional washes, the immune complexes were visualized by ECL
detection.

MTT assay
MTT assay was performed as previously described [19]. Briefly, after treatment or transfection,
cells were washed with PBS, counted, and diluted to 50,000 cells/ml. Cells (5,000 cells/well)
were plated in duplicate in 96 well plates. After 24 h of incubation in 5% CO2 at 37°C, MTT
labeling reagent (10 μl) was added, followed by the addition of 100 μl ofsolubilization solution
4 h later. The production of blue formazan produced by viable cells was measured on a
microplate reader at an absorbance of 570 nm (against a reference of 650 nm) per the
manufacturer’s protocol. Experiments were performed in triplicate.

Invasion assay
Matrigel invasion assay was performed as previously described [20]. Matrigel inserts (3 per
cell line) were rehydrated by adding 0.5 ml of DMEM/F12 50/50 media without FBS to the
insert and well and incubating in 5% CO2 at 37°C for 2 h. Media was removed, and 0.75 ml
DMEM/F12 containing 5% FBS was added to each well; IGF-1 (10ng/ml) was added to media
for invasion assay of siRNA-transfected cells. Cell suspensions in FBS-free DMEM/F12
culture media containing 50,000 cells/ml were prepared, and 0.5 ml was added to each insert.
Chambers were then placed in 5% CO2 at 37°C for 24 h. Non-invading cells were removed by
scrubbing with a cotton tipped swab, the membrane was placed in 500 μl of methanol at room
temperature for 10 min, and then transferred to 500 μl of 1% crystal violet for 15 min to stain.
Total number of cells invading each membrane was then counted.

Statistical analysis
Both absorbance from BON-MTT assay and the number of cells invading Matrigel membrane
were analyzed using one-way classification analysis of variance. Groups were assessed at the
0.05 of significance. Fisher’s least significant difference procedure was used for multiple
comparisons with Bonferroni adjustment for the number of comparisons. All statistical
computations were conducted using the SAS® system, Release 9.1 [21].
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RESULTS
Expression of PKD2WT increases proliferation of BON cells

Since the role of the PKD2 isoform in proliferation and invasion of BON cells remains unclear,
we first determined the effect of PKD2 overexpression on BON cell proliferation. BON cells
were co-transfected with pcDNA3, GST-PKD2WT, or GST-PKD2KD by electroporation, and
stably transfected clones were selected in medium containing G418. Expression of endogenous
PKD2 and GST-PKD2 was assessed by Western blotting (Fig. 1A). After plating the cells in
duplicate, MTT assay was then performed, and cell proliferation determined at 24 h by
measurement of blue formazan production by microplate reader. Compared with cells
transfected with pcDNA3, cells transfected with GST-PKD2WT demonstrated a greater than
2-fold increase in proliferation (Fig. 1B). There was not a statistically significant difference in
proliferation of GST-PKD2KD cell clones compared with cells transfected with pcDNA3. The
experiment was repeated in triplicate with identical results.

To confirm the importance of the PKD2 isoform on BON cell proliferation and invasion, we
next transfected BON cells with either non-targeting control (NTC) or PKD2 siRNA; 24 h after
transfection, cells were replated in duplicate for MTT assay, and proliferation was assessed 24
h later (48 h following transfection). Knockdown of PKD2 expression was confirmed by
Western blotting (Fig. 2A). Consistent with our previous findings, inhibition of PKD2 with
siRNA led to significantly decreased proliferation relative to cells transfected with NTC siRNA
(Fig. 2B).

Expression of PKD2WT increases invasion of BON cells
Next, BON cells stably transfected with pcDNA3, GST-PKD2WT, or GST-PKD2KD were
plated in triplicate in Matrigel invasion chambers; invasion was assessed after 24 h. Similar to
our previous findings, GST-PKD2WT BON cells demonstrated significantly increased invasion
of Matrigel (40 ± 5 cells/chamber) when compared with control cells (13.3 ± 1.2 cells/chamber)
(Fig. 1C). There was not a statistically significant difference in proliferation of GST-
PKD2KD cell clones (8 ± 1.5 cells/chamber) compared with cells transfected with pcDNA3.
These results demonstrate that overexpression of PKD2 leads to increased proliferation
invasion of the BON cell line.

To further confirm these results, BON cells transfected with NTC or PKD2 siRNA were plated
in triplicate in Matrigel invasion chambers, and invasion was assessed after 24 h (48 h following
transfection). BON cells transfected with PKD2 siRNA demonstrated significantly decreased
invasion of Matrigel (21 ± 2) relative to cells transfected with NTC siRNA (154 ± 13) (Fig.
2C). Taken together, our results suggest an important role for the PKD2 isoform in BON cell
invasion.

DISCUSSION
In our current study, we have demonstrated that the stable overexpression of PKD2 leads to
both increased proliferation and invasion of the BON endocrine cell line. To corroborate these
findings, BON cells were transfected with NTC or PKD2 siRNA; inhibition of PKD2 led to a
decrease in proliferation and invasion relative to control cells. Therefore, we conclude that
PKD2 is an important regulator of BON cell proliferation and invasion.

The members of the PKD family of serine/threonine kinases exhibit a high degree of homology,
particularly in the catalytic domain, which distinguishes them from members of the protein
kinase C (PKC) family [22]. PKD1 is the most clearly characterized isoform of the PKD family,
and has been implicated in a variety of physiological processes, such as Golgi function,
vesicular transport, cell proliferation, and apoptosis [22,23]. Less is known about the function
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of the PKD2 isoform. Originally described by Sturany et al [15], PKD2 is highly expressed in
a wide variety of human and murine tissues and cell lines and is particularly localized to highly
proliferative tissues such as colonic mucosa and testis. Known stimulators of PKD2 activity
include phorbol esters, growth factors, and neuropeptides such as gastrin, bombesin, and
neurotensin [13,15,16]. Given the importance of these factors to biological processes such as
secretion, growth, and transformation, it suggests that PKD2 may play an important role in cell
proliferation and invasion. Mihailovic et al [12] found that PKD2 is the major PKD isoform
expressed in Bcr-Abl+ human myeloid leukemia cells and that PKD2 is a novel mediator of
NF-qB activation in these cells, further supporting a role for PKD2 in neoplastic
transformation. However, evidence for a direct role of PKD2 in the proliferation and invasion
of other types of cancers is lacking.

Studies using BON cells have characterized a number of regulators of carcinoid growth and
secretion. For example, gastrin, nerve growth factor, and fibroblast growth factor (FGF)
stimulate growth in a nonautocrine manner, while serotonin and insulin-like growth factor
(IGF)-1, produced and secreted by BON cells, act as autocrine regulators of growth [6,24–
26]. These findings demonstrate an important relationship between BON secretion and
proliferation. We have reported an important role for PKD1 in the regulation of neurotensin
secretion from BON cells [11]. We speculate that, in addition to roles in hormone production,
storage, and secretion, PKD may regulate proliferation and cell migration through the actions
of secreted products or via direct downstream cell signaling.

Growth factors such as gastrin and IGF-1 stimulate PKD activity [6,25]. In addition to its role
in gastric acid secretion, gastrin plays an important role in tumor physiology, as it has been
shown to regulate tumor growth and cell invasion [27]. There is a correlation between
hypergastrinemia and the occurrence of gastric carcinoid tumors, as well as gastric and colonic
adenocarcinoma [7]. In vitro, gastrin stimulates growth of BON cells in a dose-dependent
fashion [6]; however, while gastrin acts as an autocrine growth factor for some carcinoid
tumors, BON cells do not produce gastrin [6,9]. Auer et al [22] recently demonstrated that
gastrin, signaling through the cholecystokinin (CCK)B receptor of AGS-B gastric cancer cells,
induces rapid PKD2 nuclear accumulation, suggesting an important functional role for PKD2
in the nucleus. Therefore, gastrin-mediated BON cell proliferation may be attributable in part
to PKD2 signaling. Like gastrin, IGF-1 is a potent growth factor implicated in multistage
carcinogenesis and tumor cell proliferation; PKD is a critical participant in IGF-1-mediated
migration and invasion [28–30]. BON cells express functionally active IGF-1 receptors and
secrete IGF-1, suggesting an autocrine action for this factor [6]. Future studies will better
delineate the effects of various growth factors, such as gastrin and IGF-1, on PKD2 expression
and activation in BON cells.

In conclusion, our data demonstrate an important role for PKD2 in the proliferation and
invasion of the BON carcinoid cell line. By targeting tumor secretion, growth, and invasion,
inhibitors of PKD may prove to be novel therapeutic agents for the management of carcinoid
tumors.
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Fig. 1. GST-PKD2WT expression leads to a significant increase in proliferation and invasion of
BON cell clones
BON cells were stably co-transfected with pcDNA3 (vector), GST-PKD2WT, or GST-
PKD2KD by electroporation. A. BON cell clones were lysed and Western blot was performed
using anti-PKD2 antibody. B. Following stable transfection, MTT assay was performed. Cells
were plated in duplicate; MTT labeling reagent was added, followed by the addition of
solubilization solution and measurement of blue formazan production. C. Following stable
transfection, Matrigel invasion assay of stable BON cell clones was performed. Cells were
plated in triplicate in Matrigel invasion chambers; 5% FBS served as a chemoattractant. Data
represent means of triplicate determinations ± SD; * = p<0.05 vs. pcDNA.
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Fig. 2. Transfection with PKD2 siRNA significantly decreases proliferation and invasion of BON
cells
Non-targeting control (NTC) or PKD2 siGENOME siRNA (200nM) was transfected into BON
cells by electroporation. A. Cells were lysed and Western blot was performed using anti-PKD2
antibody. β-actin was used as a loading control (bottom row). B. MTT assay was performed
24 h following transfection; MTT labeling reagent was added, followed by the addition of
solubilization solution and measurement of blue formazan production. C. Following
transfection with NTC or PKD2 siRNA, Matrigel invasion assay was performed. Cells were
plated in triplicate in Matrigel invasion chambers; 5% FBS and IGF-1 (10ng/ml) served as
chemoattractants. Data represent means of triplicate determinations ± SD; * = p<0.05 vs. NTC
siRNA.
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