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Abstract

Carcinoid tumors are slow growing and highly vascular neuroendocrine neoplasms that are

increasing in incidence. Previously, we showed that carcinoid tumors express vascular endothelial

growth factor receptor 2 (VEGFR-2) in the epithelial compartment of carcinoid tumor sections;

yet, its role is not completely understood. The purpose of our study was to: (i) assess the

expression of VEGFR-2 in the novel human carcinoid cell line BON, (ii) to determine the role of

PI3K/Akt signaling on VEGFR-2 expression and (iii) to assess the effect of VEGFR-2 on BON

cell invasion, migration and proliferation. We found that, although VEGFR-2 is expressed in BON

cells, reduction in VEGFR-2 expression actually enhanced proliferation, invasion, and migration

of the BON cell line. Also, expression of VEGFR-2 was inversely related to PI3K signaling.

Carcinoid liver metastases in mice demonstrated decreased VEGFR-2 expression. Furthermore,

the expression of a truncated, soluble form of VEGFR-2 (sVEGFR-2), a protein demonstrated to

inhibit cell growth, was detected in BON cells. The presence of VEGFR-2 in the epithelial

component of carcinoid tumors and in the BON cell line suggests an alternate role for VEGFR-2,

in addition to its well-defined role in angiogenesis. The expression of sVEGFR-2 may explain the

inverse relationship between VEGFR-2 expression and PI3K/Akt signaling and the inhibitory

effect VEGFR-2 has on BON cell proliferation, migration and invasion.
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Carcinoid tumors are slow growing neuroendocrine neoplasms arising from the

enterochromaffin cells of the gut.1,2 Because of their indolent nature, most carcinoids are not

detected until metastases or the carcinoid syndrome has developed in patients.1,2 The
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carcinoid syndrome represents a constellation of symptoms, including flushing, diarrhea and

cardiac valve fibrosis caused by the amine and peptide products secreted from carcinoid

tumors.3 While carcinoid tumors are relatively rare, data from the Surveillance

Epidemiology and End Results (SEER) database indicates an increasing incidence of

carcinoid tumors since the 1970s.4 The increased frequency of carcinoids may be due to a

greater awareness of the disease, as well as enhanced diagnostic techniques. Currently,

surgery is the most effective treatment for this disease as carcinoid tumors do not respond

well to standard chemotherapeutic agents.2,5

Because carcinoid tumors generally do not have altered expression or mutation of common

tumor suppressors or oncogenes, the development of novel treatments for carcinoid tumors

has focused on targeting growth factor receptors, such as vascular endothelial growth factor

receptor 2 (VEGFR-2). Studies have demonstrated the efficacy of treating carcinoid disease

with the VEGF-signaling inhibitors bevacizumab and sunitinib malate, as a unique aspect of

neuroendocrine tumors is their highly vascular nature.6–8 VEGF signaling is well known to

stimulate angiogenesis during tumor development. The VEGF protein binds to one of its

receptors, VEGFR-1, -2 or -3, to promote either physiologic or pathologic angiogenesis or

lymphangiogenesis, with VEGFR-2 and VEGFR-3 normally confined to endothelial cells

lining blood vessels or lymphatic vessels, respectively.9,10 Previously, we detected the

presence of VEGFR-2 in ∼48% of carcinoid tumors with the highest expression in foregut

and hindgut carcinoids.11 VEGFR-2, also designated as kinase domain receptor (KDR), is a

tyrosine kinase that can signal through the phosphatidylinositol-3-kinase/protein kinase B

(PI3K/Akt) pathway.9,10 When VEGF binds to its receptor, it activates the PI3K protein,

which is made up of a p85 regulatory subunit and a p110 catalytic subunit.12 Activated-

PI3K results in the phosphorylation of Akt.12 Akt signaling can promote cellular

metabolism, survival and proliferation.12 PI3K signaling can be inhibited with either the

endogenous inhibitor phosphatase and tensin homolog deleted on chromosome ten (PTEN)

or synthetic inhibitors such as wortmannin.13,14 PI3K/Akt signaling is upregulated in many

types of cancer, including carcinoid tumors.15–17 This frequently occurs through either

constitutive activation of the PI3K subunits or downregulation or mutation of PTEN. While

the role of VEGF signaling in angiogenesis is well established, the mechanisms by which

the expression of VEGFR is regulated are still unclear, and the role of VEGFR on carcinoid

tumor cell proliferation and metastasis is not fully understood. Studies have demonstrated

that VEGF signaling through the PI3K/Akt pathway regulates the expression of the

transforming growth factor-β (TGF-β) and connective tissue growth factor (CTGF) genes;

the protein products play a role in metastasis and fibrosis.18,19 Thus, it is now hypothesized

that VEGF signaling has alternate roles, such as promotion of fibrosis,20,21 in addition to its

contribution to angiogenesis. Furthermore, recent studies have indicated that VEGFR-2 has

an inhibitory effect on cell proliferation22 and tumor metastasis.23,24 Albuquerque et al.22

demonstrated the expression of a soluble form of VEGFR-2 (sVEGFR-2), resulting from

retention of intron 13 in the mature mRNA transcript, which acts as an inhibitor of

lymphangiogenesis by sequestering VEGF-C and preventing it from binding and activating

membrane bound VEGFR-3.
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The cell line BON, derived from a carcinoid lymph node metastasis, was established and

characterized in our laboratory and has served as a unique model to understand carcinoid

cell biology.25,26 BON cells synthesize and secrete neurotensin, pancreastatin, chromogranin

A (CgA) and serotonin.25,27–29 Various growth and cell signaling inhibitors are noted to

inhibit BON cell growth in vitro and in vivo.26 Recently, we have shown that BON cells,

when injected into the spleen of athymic nude mice, metastasize to the liver and produce

symptoms consistent with carcinoid syndrome.6 Additionally, we demonstrated that treating

mice with BON liver metastases with the VEGF antibody bevacizumab30 significantly

decreased tumor growth and metastasis compared to vehicle-treated mice. The purpose of

our current study was to assess the expression, regulation and function of VEGFR-2 in the

BON human carcinoid cell line.

Material and Methods

Materials

Dulbecco's modified Eagle medium (DMEM)/F12K (50/50) media was purchased from

Mediatech (Herndon, VA). Fetal bovine serum was purchased from Atlanta Biologicals

(Lawrenceville, GA). An Envision+® System-HRP (DAB) kit for immunohistochemistry

was purchased from Dako (Carpinteria, CA). An endocrine tumor tissue array, containing

carcinoid sections, was obtained from U.S. Biomax (Rockville, MD). ECL™ Western

blotting detection reagents were purchased from GE Healthcare (Buckinghamshire, United

Kingdom). A Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Molecular

Technologies (Rockville, MD). Antibody against chromogranin A was obtained from

Abcam (Cambridge, MA). Antibodies against VEGF-C and VEGFR-3 were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA). Other antibodies were purchased from Cell

Signaling Technology (Danvers, MA). An RNeasy Mini kit was purchased from Qiagen

(Valencia, CA), and a high-capacity cDNA reverse transcription kit was obtained from

Applied Biosystems (Foster City, CA). Primers for qRT-PCR were purchased from

Integrated DNA Technologies (Coralville, IA). VEGF-A was purchased from Sigma (St.

Louis, MO). Recombinant human VEGF-C was obtained from R&D Systems (Minneapolis,

MN). PTEN and VEGFR-2 shRNA were purchased from Open Biosystems (Huntsville,

AL). For invasion assays, matrigel was obtained from BD Biosciences (San Jose, CA) and

4′,6-diamidino-2-phenylindole (DAPI) and glutaraldehyde were purchased from Sigma. A

soluble VEGFR-2 enzyme-linked immunosorbent assay (ELISA) kit was purchased from

R&D Systems (Minneapolis, MN). HMVEC-L cells were provided by Dr. Juan P. Olano

(The University of Texas Medical Branch [UTMB], Galveston, TX).

Cell culture and establishment of stable PTEN knockdown or VEGFR-2 knockdown cell
lines

The BON cell line was last authenticated in October 2009 at the Johns Hopkins Genetic

Resources Core Facility with short tandem repeat analysis using an Identifiler identification

kit (Applied Biosystems). BON cells were maintained in DMEM/F12K (50/50) media,

supplemented with 5% fetal bovine serum (FBS) in 5% CO2 at 37°C. To increase PI3K/Akt

signaling, BON cells were transfected with GFP-tagged shRNA to PTEN, the natural

inhibitor of PI3K/Akt, and selected in medium containing puromycin (2 μg/ml). To decrease
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VEGFR-2 signaling, BON cells were transfected with GFP-tagged shRNA to VEGFR-2

under the same conditions.

Cell proliferation assay

Cells were plated in 96-well plates (4,000 cells per 50 μl in each well). After 1 day (time - 0

hr), 50 μl of serum free DMEM/F12K (50/50) media or media containing VEGF-A, at a

final concentration of either 25 or 100 ng/ml, was added to the wells. The media from all

groups was supplemented with the VEGF-A cofactor heparin sulfate at a final concentration

of 25 ng/ml. Cells treated with 5% FBS were used as a positive control. At 24, 48, 72, 96

and 120 hr, cell proliferation was measured with CCK-8 according to the manufacturer's

protocol. The cell proliferation assay was performed with eight replicates.

Immunohistochemistry and immunocytochemistry

Tissue sections were incubated overnight in primary antibodies diluted in antibody diluent

(Dako), as described previously.11 Briefly, the sections were stained and assessed, as

positive or negative, in a blinded fashion by an experienced pathologist. Protein staining was

performed using an Envision+® System-HRP (DAB) kit; samples were counter-stained with

hematoxylin. For immunocytochemistry, BON cells were grown to ∼70% confluence and

immunofluorescent staining was performed according to the protocol for VEGFR-2

antibody from Cell Signaling Technology® (Danvers, MA).

Western blot analysis

Total protein was resolved on NuPAGE® 4–12% Bis-Tris gels (Invitrogen) and transferred

to Sequi-Blot™ PVDF membranes (Bio-rad). Membranes were incubated with specific

primary antibodies. Following incubation with a horseradish peroxidase-conjugated

secondary antibody, proteins were visualized using an enhanced chemiluminescence (ECL)

detection system.

qRT-PCR

Total RNA was purified using an RNeasy kit including an optional DNase treatment, and

cDNA was generated with a high-capacity cDNA reverse transcription kit, according to the

manufacturer's protocol. Amplification of Vegfr2 was performed using the following

primers: 5′-GAACATTTGGG AAATCTCTTGC-3′ (left) and 5′-CGGAAGAACAATGTA

GTCTTTGC-3′ (right) and probe #18 from the Universal ProbeLibrary. To detect sVegfr2

mRNA, an sVegfr2 fragment covering the splicing site (exon 13–intron 13 junction) was

amplified with the following primers: 5′-CTTGCTCAAGACA GGAAGACC-3′ (left) and

5′-GAATTGTCTCCCTACCTAG GACTG-3′ (right) and probe #27 from the Universal

ProbeLibrary. cDNA was normalized to 18s rRNA and calibrated relative to control.

Migration assay

A monolayer scratch assay was used to compare the migratory ability of the BON VEGFR-2

shRNA cell line compared to BON cells transfected with NTC shRNA. VEGFR-2 and NTC

shRNA-transfected cell lines were cultured to confluence, scratched and photographed using

phase contrast microscopy at 0, 24 and 48 hr. The minimum distance in micrometers
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between the wound edges of the scratch area was analyzed using Adobe Photoshop 7.0. For

transwell migration assays, the bottoms of the inserts were coated with collagen. BON cells

were plated in the inserts in DMEM/F12K (50/50) media supplemented with 0.1% bovine

serum albumin (BSA). BSA alone (0.1%) or BSA (0.1%) and VEGF-C (50 ng/ml) were

used as chemoattractants. After 5 hr, cells were fixed in methanol and stained with crystal

violet. Stained cells were counted in four different fields with an inverted microscope. All

experiments were performed in triplicate.

Invasion assay

A modified Boyden chamber invasion assay with Matrigel-coated Transwell chambers was

performed, as described previously. 31 Briefly, BON cells transfected with VEGFR-2

shRNA were compared to those transfected with NTC shRNA to evaluate invasiveness.

Cells were grown in DMEM/F12K (50/50) media supplemented with 2% BSA, and

complete BON media was used as a chemoattractant. After 24 and 48 hr, the cells were

fixed with 3% glutaraldehyde and stained with DAPI fluorescent staining. DAPI-stained

cells were counted in four different fields with an inverted fluorescent microscope. All

experiments were performed in triplicate.

sVEGFR-2 ELISA

To quantitate the amount of sVEGFR-2 produced by BON cells, an ELISA was performed

with BON cell lysates according to the manufacturer's directions. An equal amount of

protein from BON cell lysates was added into each well, and the sVEGFR-2 concentration

was calculated as pg/μg total protein. The ELISA was performed in quadruplicate.

Animal studies

Male athymic nude mice (4–6 weeks) were purchased from Harlan-Sprague-Dawley. Mice

were anesthetized with isoflurane, and BON cells (1 × 107 per 100 μl) were injected into the

pancreas with a 27-gauge needle. After 10 weeks, mice were sacrificed and primary and

metastatic tumors were excised and harvested for assessment. All studies were approved by

the Institutional Animal Care and Use Committee of UTMB.

Statistical analysis

Descriptive statistics including means and standard deviations were calculated and displayed

in bar graphs to summarize cell counts, invasion, migration and qRT-PCR measurements

across cell culture treatment and control groups. General linear models including analysis of

variance and repeated measures models were used to test main effects as well as interaction

between factors which includes cell culture groups, time points of measurement etc.

Contrast statements were generated from the model to test for specific pairwise comparisons

as well as test for trends over time. Two group comparisons (e.g., control shRNA vs.

VEGFR-2 shRNA) were performed using two-sample t-tests. Assumptions on data

normality and equality of variance were verified to determine validity of the statistical tests

and log transformations were performed if necessary. The null hypothesis was rejected when

p < 0.05. Data analysis was conducted using statistical software, SAS®, Release 9.2.
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Results

VEGFR-2 is expressed in carcinoid tumors and the BON cell line

The progression of carcinoid tumors is thought to be due to the overexpression of growth

factor receptors.32 Previously, we detected the presence of VEGFR-2 in the epithelial

component of ∼48% (22 of 46) of carcinoid tumors.11 As VEGFR-2 expression is generally

confined to endothelial cells surrounding blood vessels,9,10 the finding of VEGFR-2 in

carcinoid tumors prompted us to assess the expression of VEGFR-2 in the BON carcinoid

cell line. BON cells express VEGFR-2, as indicated by Western blot analysis and

immunocytochemistry (Figs. 1a and 1b) and qRT-PCR (data not shown). Human

microvascular endothelial cells of the lung (HMVEC-L) and HT29 colon cancer cells were

used as positive and negative controls, respectively, for VEGFR-2 expression. Importantly,

our results in the BON cell line corroborate our findings of VEGFR-2 expression in the

carcinoid tumor samples from our previous study.

VEGF signals through the PI3K/Akt pathway without significantly affecting BON cell
growth

To determine if VEGFR-2 is functional in BON cells, cells were serum-starved for 24 hr and

then treated with VEGF-A ligand (25 ng/ml) over a time course. VEGF-A treatment

activated VEGFR-2, as indicated by autophosphorylation, and activated the Akt pathway,

with a peak in phospho-Akt (Ser 473) at 5 min after addition of the VEGF-A ligand (Fig.

2a). Given that PI3K/Akt signaling promotes cell proliferation, BON cells were treated with

VEGF-A over an extended time course to evaluate if VEGF can increase BON cell growth.

While VEGF-A treatment transiently increased Akt signaling, VEGF-A (25 ng/ml and 100

ng/ml) did not affect BON cell proliferation during the 120-hr time course (Fig. 2b).

Furthermore, VEGF-A treatment did not increase activation of extracellular signal-regulated

kinases (ERK1/2) (data not shown).

The expression of VEGFR-2 in BON cells is inversely related to PI3K signaling

Interestingly, during the course of treating BON cells with either VEGFR-2 or PI3K

inhibitors, we observed that PI3K inhibition increased VEGFR-2 expression. To investigate

this phenomenon further, we altered PI3K signaling, by chemical and genetic means, and

assessed the effect on VEGFR-2 expression. The organic compound wortmannin inhibits the

PI3K-mediated conversion of PIP2 to PIP3, thereby preventing the phosphorylation of

Akt.33 Treatment with wortmannin [500 nM in DMEM/F12K (50/50) media with 5% FBS]

increased VEGFR-2 protein and mRNA expression over a time course (Figs. 3a and 3b; p <

0.0001). Akt Inhibitor VIII acts downstream of wortmannin, binding to the pleckstrin

homology domain of Akt, thereby preventing Akt phosphorylation and activation at the cell

membrane.34 As noted with wortmannin, Akt Inhibitor VIII [500 nM in DMEM/F12K

(50/50) media with 5% FBS] also increased VEGFR-2 protein and mRNA expression (Figs.

3c and 3d; p = 0.0021). The effect of PI3K/Akt inhibition is specific to VEFGR-2

expression, as little to no change was detected in the expression of EGF and IGF-1β

receptors (Figs. 3a and 3c). Treatment with vehicle control (DMSO) for 0 and 24 hr (Figs.

3a–3d; right) did not increase either VEGFR-2 mRNA or protein expression, indicating that

the effect on VEGFR-2 expression is due to PI3K/Akt inhibition. Conversely, BON cells
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were transfected with shRNA to PTEN, the natural inhibitor of PI3K. Increased PI3K

signaling, via a reduction in PTEN, specifically decreased VEGFR-2 protein and mRNA

expression (Figs. 3e and 3f; p = 0.0004).

Metastatic carcinoid cells have reduced VEGFR-2 expression

A decrease in PTEN enhances the metastatic potential of colorectal cancer cells.35,36

Increased PI3K activity has also been noted in carcinoid tumors.15,17 Based on our finding

that reduced PTEN activity decreases the expression of VEGFR-2 in BON cells, we

hypothesized that VEGFR-2 expression is decreased in metastatic carcinoid cells. During

metastasis, cells undergo epithelial-to-mesenchymal transition (EMT), which allows the

cells to break away from the primary tumor, invade the blood stream and migrate to a new

location.37,38 During EMT, the expression of several genes is altered to provide cells with an

enhanced migratory and invasive potential. For example, TGF-β and Snail are increased in

cells undergoing EMT, as these proteins signal to decrease the expression of the cell

adhesion marker E-cadherin.37,38 BON cells with stably reduced PTEN expression

displayed increased Snail and TGF-β and decreased E-cadherin expression compared to

control BON cells (Fig. 4a).

To evaluate the expression of VEGFR-2 in carcinoid metastases, we injected BON cells (1 ×

107) stably transfected with small hairpin RNA (shRNA), containing a puromycin resistance

marker, directed to PTEN or non-targeting control into the pancreas of athymic nude mice.

Previously, we demonstrated that injection of BON cells into the spleen of athymic nude

mice resulted in liver metastases6; however, it is uncertain if the tumors in the liver are

actual metastases or primary tumors, resulting from direct seeding to the liver immediately

after injection. BON cells were derived from a metastatic pancreatic carcinoid tumor, so

injection into the pancreas provides a better orthotopic model to analyze metastasis.

Only one of ten mice injected with non-targeting control shRNA BON cells developed liver

metastases, while 60% of mice (six of ten) injected with PTEN shRNA BON cells

developed one to three liver metastases (p = 0.057), noted grossly, via GFP fluorescence,

(Fig. 4b) and histologically (Fig. 4c). Liver metastases derived from both control shRNA

BON cells and PTEN shRNA BON cells (Fig. 4c) had reduced expression of VEGFR-2

compared to the corresponding primary tumors in the pancreas. As expected, primary

tumors derived from PTEN shRNA BON cells had reduced expression of VEGFR-2

compared to primary tumors derived from control shRNA BON cells. To assess the

expression of VEGFR-2 in liver metastases, cells from a liver metastasis (derived from

PTEN shRNA BON cells) were harvested and cultured in vitro for six passages and treated

with 2 μg/ml puromycin to select for BON cells. BON metastatic cells (designated as BON

shPTEN metastasis) demonstrated reduced expression of VEGFR-2 and PTEN compared to

parental BON cells (Fig. 4d). The expression of CgA, hypothesized to function partly as an

adhesive marker in carcinoid tumors,39,40 was also reduced in the BON shPTEN metastatic

cells. As with the in vitro analysis of EMT markers (Fig. 4a), the expressions of Snail and

TGF-β were increased, while the expression of E-cadherin was decreased in BON shPTEN

metastatic cells compared to parental BON cells (Fig. 4e). The concomitant reduction of
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VEGFR-2 expression with a decrease in PTEN expression suggests that VEGFR-2 inhibits

EMT and, hence, metastasis of carcinoid tumor cells.

Decreasing VEGFR-2 expression enhances migration, invasion and proliferation of BON
cells

As VEGFR-2 is decreased in BON cells with enhanced PI3K signaling and in BON

metastatic cells, we assessed the effect of VEGFR-2 on BON cell migration, invasion and

proliferation. To determine if VEGFR-2 affects the expression of EMT markers, BON cells

were transfected with GFP-tagged shRNA to VEGFR-2. A reduction in VEGFR-2 resulted

in upregulation of TGF-β and reduced expression of E-cadherin (Fig. 5a). However, Snail

and Twist expressions were not altered, suggesting that the effect of VEGFR-2 on E-

cadherin is independent of these pathways. Consistent with the adhesion properties of E-

cadherin, VEGFR-2 knockdown, resulting in decreased E-cadherin expression, increased the

migratory and invasive potential of BON cells at 24 and 48 hr, as indicated by scratch and

Boyden chamber assays, respectively (Figs. 5b, p = 0.0002 and 5c, p < 0.0001).

Furthermore, knockdown of VEGFR-2 increased the proliferative potential of the BON cell

line at 48 and 72 hr (p < 0.05) (Fig. 5d). At 24 hr following plating, there was no significant

difference in the proliferation of shPTEN and shVEGFR-2 BON cells compared to control

shRNA BON cells (data not shown), which is consistent with the observation that the

doubling time of parental BON cells is ∼60 hr.25 The lack of proliferative differences at 24

hr provides evidence that the observed increases in migration and invasion of VEGFR-2

shRNA BON cells are not the result of enhanced proliferation.

BON cells express soluble (s)VEGFR-2

To better understand our observations that VEGFR-2 inhibits cellular proliferation,

migration and invasion, we next analyzed BON cells for the expression of sVEGFR-2, a

truncated form resulting from retention of intron 13, that endogenously inhibits

lymphangiogenesis by sequestering VEGF-C from VEGFR-3.22 BON cells express ∼0.37

pg sVEGFR-2 per μg of total protein as determined by an ELISA specific for sVEGFR-2

(Fig. 6a, top). To further verify the expression of sVEGFR-2 in BON cells, qRT-PCR was

performed. Following the methods of Albuquerque et al.,22 we developed primers targeting

the exon 13–intron 13 junction of sVegfr2 to quantify sVegfr2 mRNA expression. sVegfr2

mRNA was present in BON and HMVEC-L but not in HT29 cells (p < 0.05 vs. BON; Fig.

6a, bottom). We also verified through ELISA and qRT-PCR that VEGFR-2 shRNA reduces

sVEGFR-2 expression, in addition to reducing membrane-bound VEGFR-2 expression (p =

0.045) (Fig. 6b). Furthermore, stable reduction in PTEN decreases sVEGFR-2 expression

(Fig. 6c), in addition to membrane bound VEGFR-2, as shown in Figures 3e and 3f. To

evaluate the possibility that sVEGFR-2 inhibits carcinoid metastasis through the same

mechanism as lymphangiogenesis inhibition,22 we assessed the expression of VEGF-C and

VEGFR-3 in the BON cell line and in carcinoid sections from an endocrine tumor tissue

array. Both VEGF-C and VEGFR-3 are expressed in BON cells (Fig. 6d) and carcinoid

tumors (Fig. 6e). Additionally, a 5-hr treatment with VEGF-C (50 ng/ml) promotes BON

cell migration, as demonstrated by a transwell migration assay (p = 0.0046 vs. no treatment

with VEGF-C) (Fig. 6f). Taken together, our results demonstrate that BON cells produce

sVEGFR-2 and suggest that, by reducing sVEGFR-2 expression, more VEGF-C is available
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to bind VEGFR-3 and the metastatic potential of this carcinoid cell line is enhanced (Fig.

6g).

Discussion

Carcinoid tumors are highly vascular neuroendocrine tumors that are increasing in

incidence. Recently, the proangiogenic protein VEGFR-2 has been described as a target for

novel treatment regimens of carcinoid tumors.7,8 Our results demonstrate that VEGFR-2 is

expressed in the epithelial component of carcinoid tumors and in the BON carcinoid cell

line. Paradoxically, we noted that VEGFR-2 is inversely regulated by PI3K/Akt signaling

and has an inhibitory effect on BON cell invasion, migration and proliferation, which is

hypothesized to be partly due to the concurrent expression of sVEGFR-2 in BON cells. Our

in vivo studies further suggest that VEGFR-2 has an antimetastatic effect in the BON

carcinoid cell line, as its expression is reduced in the liver metastases compared to the

primary tumors.

The finding of VEGFR-2 expression in the epithelial component of carcinoid tumors and in

BON carcinoid cells led us to hypothesize that VEGF-A can directly promote carcinoid

cancer cell growth, in addition to stimulating angiogenesis. Consistent with the findings of

others,9,10 VEGF-A signaling transiently activated the PI3K/Akt pathway. However, VEGF-

A treatment did not significantly increase BON cell proliferation, possibly due to the growth

factors secreted by BON cells which can sustain cell growth.25 An unexpected finding was

that VEGFR-2 expression was inversely proportional to PI3K signaling. While the role of

VEGFR-2 in angiogenesis is well established, the mechanisms regulating its expression are

still under investigation. Recently, it has been determined that the nuclear receptor

peroxisome proliferators-activated receptor alpha (PPARα) inhibits VEGFR-2 expression,41

while the Rac1 GTPase promotes VEGFR-2 expression.42 Our findings of the relationship

between VEGFR-2 expression and PI3K signaling are consistent with PPARα-induced

inhibition of VEGFR-2, as PPARα activates PI3K/Akt signaling in endothelial cells lining

the blood vessels of the myocardium as a defense mechanism against ischemia-reperfusion

injury.43 Because VEGFR-2 mRNA expression is increased following inhibition of

PI3K/Akt signaling, it is likely that PI3K/Akt negatively regulates the transcription of the

Vegfr2 gene, rather than exerting a post-translational effect on VEGFR-2 protein expression.

Previous studies in our laboratory have demonstrated that injection of BON cells into the

spleen of athymic nude mice result in liver metastases and manifestations of carcinoid

syndrome.6 Additionally, we have detected increased PI3K/Akt signaling in colorectal

cancer metastases.35,36 Specifically, we determined that PTEN deficiency enhances the

metastatic phenotype of colorectal cancer.35,36 Because a reduction in PTEN decreases

VEGFR-2 expression in BON cells, we assessed the role of VEGFR-2 in carcinoid

metastasis. When injected into the pancreas of athymic nude mice, PTEN-deficient BON

cells formed liver metastases; cells harvested from the liver metastases displayed increased

PI3K/Akt signaling and altered expression of EMT markers. Additionally, VEGFR-2

expression remained decreased in the BON metastatic cells. The development of metastases

from BON cells displaying increased PI3K/Akt signaling, due to decreased expression of

PTEN, supports the hypothesis that this pathway contributes to carcinoid metastasis.
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Interestingly, the reduced expression of VEGFR-2 in BON shPTEN and BON shPTEN

metastatic cells suggests that VEGFR-2 may actually inhibit metastasis.

E-cadherin is a cell adhesion protein that is downregulated during EMT, thus providing

cancer cells with an enhanced migratory potential.37,38 In endothelial cells, activated-

VEGFR-2 induces expression of the transcription factor Ets1, which transactivates the

vascular endothelial (VE)-cadherin promoter.44,45 Several studies have suggested that

VEGFR-2 interacts with VE-cadherin to promote endothelial cell actin remodeling, vascular

permeability and angiogenesis.46,47 Consistent with these observations, our results indicate

that VEGFR-2 in BON cells promotes E-cadherin expression, possibly by downregulating

TGF-β, since reduction of VEGFR-2 in BON cells produces an upregulation of TGF-β and a

decrease in E-cadherin. While VE-cadherin associates with VEGFR-2 to induce

angiogenesis, E-cadherin acts as an epithelial cell adhesion protein and limits migratory

potential. Thus, the relationship between VEGFR-2 and E-cadherin expression in BON cells

suggests that VEGFR-2 inhibits migration and invasion in carcinoid cells.

Our finding of sVEGFR-2 expression in BON cells provides a potential explanation for the

paradoxical effects of VEGFR-2. Recent reports have demonstrated an increase in tumor

metastasis following treatment with angiogenesis inhibitors.23,24 While we previously

demonstrated a decrease in tumor growth following antiangiogenic therapy,6 we treated

mice with bevacizumab, an antibody to VEGF that prevents it from binding to the

receptor.30 In contrast, Ebos et al.23 and Paez-Ribes et al.24 specifically targeted VEGFR-2

with either anti-VEGFR-2 antibodies or the small molecule VEGFR-2 inhibitor sunitinib.48

Also, there has been a growing interest in the function of sVEGFR-2, with recent studies

demonstrating that sVEGFR-2 inhibits lymphatic vessel growth22 and neuroblastoma

progression.49 sVEGFR-2 exerts its inhibitory effect by binding and sequestering the VEGF-

C ligand in the extracellular environment. VEGF-C normally binds to VEGFR-3 to promote

lymphangiogenesis22 and cancer cell migration and invasion.50 Su, et al.50 demonstrated

that VEGF-C and VEGFR-3 are expressed by cancer cells and promote cancer cell invasion

and metastasis in an autocrine manner. In a preliminary approach to determine the

mechanism of sVEGFR-2 inhibition of BON cell migration and invasion, we detected the

expression of VEGFR-3 and VEGF-C in BON cells and determined that VEGF-C promotes

BON cell migration. Based on the recently identified role of sVEGFR-2, reducing

sVEGFR-2 may increase the proliferative and metastatic potential of BON cells by

permitting the binding of more VEGF-C to VEGFR-3. The schematic in Figure 6g

summarizes the proposed relationship between PI3K/Akt signaling, VEGFR-2 expression

and VEGF-C/VEGF-3 signaling. Future studies will better define the roles of VEGFR-2,

sVEGFR-2 and VEGF-C/VEGFR-3 signaling in carcinoid tumor growth and metastasis.

In summary, we have identified the unique expression of VEGFR-2 and sVEGFR-2 in the

epithelial component of carcinoid tumors and in the BON carcinoid cell line. Our findings

reveal that inhibiting VEGFR-2 increases the proliferative, migratory and invasive capacities

of BON cells. Furthermore, the expression of VEGFR-2 is inversely related to PI3K/Akt

signaling. With the evolving complexity of VEGFR-2 regulation and function, we have

identified a soluble form of VEGFR-2 produced in BON cells, which may act as an inhibitor

of carcinoid cell growth and metastasis. Thus, our findings suggest the need for a
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multimodal approach in treating carcinoid disease, as targeting VEGFR-2 alone in carcinoid

tumors may limit angiogenesis and decrease the growth of the primary tumor. Conversely,

targeting VEGFR-2 alone may enhance the metastatic potential of surviving cancer cells.
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Figure 1.
VEGFR-2 is expressed in the BON cell line. The expression of VEGFR-2 in the BON cell

line was assessed with (a) Western blot and (b) immunocytochemistry. Human

microvascular endothelial cells of the lung (HMVEC-L) were used as a positive control for

VEGFR-2 expression, while the colon cancer cell line HT29 was used as a negative control.

While VEGFR-2 is generally confined to endothelial cells lining blood vessels and involved

in angiogenesis, these findings demonstrate that VEGFR-2 is expressed in the epithelial

component, as well as the endothelial component of carcinoid tumors.
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Figure 2.
VEGFR-2 signaling has a limited effect on BON cell growth. (a) Incubation of BON cells

with 25 ng/ml VEGF-A activates PI3K/Akt signaling, as demonstrated by Western blot.

Maximal activation of Akt appears at 5 min following treatment with VEGF-A. (b)

Treatment with VEGF-A (25 or 100 ng/ml) did not produce a significant change in BON

cell proliferation, as assessed with a CCK-8 assay (p > 0.15 vs. serum-free media). A

standard curve generated from a series of different cell counts was used to calculate cell

number at each time point. The proliferation assay was performed with eight replicates.
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Figure 3.
Altering PI3K signaling adjusts VEGFR-2 expression in BON cells. Inhibition of PI3K

signaling with the chemical wortmannin increases VEGFR-2 protein and mRNA expression

as assessed by (a) Western blot and (b) qRT-PCR, respectively (*, p < 0.0001 test for trend

over time with wortmannin treatment). The inhibitory effect of wortmannin is demonstrated

by the absence of Akt phosphorylation following wortmannin treatment. Akt Inhibitor VIII

also increases VEGFR-2 (c) protein and (d) mRNA expression (*, p = 0.002 test for trend

over time with Akt Inhibitor VIII treatment). (a–d), right) Treatment with the vehicle control

(DMSO) had no effect on VEGFR-2 expression. Small hairpin RNA (shRNA) was used to
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stably reduce the expression of PTEN in the BON cell line. Increasing PI3K signaling

decreased VEGFR-2 expression, as demonstrated by (e) Western blot and (f) qRT-PCR (*, p

= 0.0004 vs. treatment with Control shRNA).
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Figure 4.
VEGFR-2 expression is decreased in metastatic carcinoid cells. (a) BON shPTEN cells were

analyzed for changes in the expression of markers known to be involved in metastasis and

were injected into the pancreas of athymic nude mice. Following sacrifice, liver metastases

were noted (b) grossly and (c) histologically (×200). Only 10% of mice injected with BON

shControl cells formed liver metastases, and VEGFR-2 was expressed in the primary tumor

but not in the liver metastasis (c, top left). 60% of mice injected with BON shPTEN cells

formed liver metastases compared to 10% injected with BON shControl cells (p = 0.057),
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and VEGFR-2 expression was reduced in both primary and metastatic tumors (c, bottom

left). The liver metastatic cells from a BON shPTEN-injected mouse were harvested and

cultured and displayed persistent reduction in (d) PTEN and VEGFR-2 compared to parental

BON cells and E) alterations in markers known to be involved in metastasis, such as E-

cadherin, snail and TGF-β. Densitometric analysis was performed to compare the expression

of VEGFR-2, E-cadherin, Snail, and TGF-β in BON shPTEN and BON shPTEN metastasis

cells to that in control BON cells; numbers under the lanes represent relative densitometric

values.
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Figure 5.
BON cell invasion and migration is increased with stable reduction in VEGFR-2. (a) shRNA

against VEGFR-2 results in stable reduction in VEGFR-2 and E-cadherin expression and

increased expression of TGF-β but no significant change in downstream EMT markers, such

as snail or twist. Consistent with VEGFR-2 regulated expression of E-cadherin, BON cells

with stable reduction in VEGFR-2 have an increased migratory and invasive potential (b and

c) at both 24 and 48 hr incubation times (*, p = 0.0002 and p < 0.0001 vs. treatment with

Control shRNA). (d) VEGFR-2 reduction also increases BON cell proliferation at 48 and 72

hr, as assessed by CCK-8 assay (*, p < 0.05 vs. treatment with Control shRNA; †, p < 0.05

vs. treatment with PTEN shRNA). The CCK-8 proliferation assay was performed with 16

replicates. Densitometric analysis was performed to compare the expression of VEGFR-2,
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E-cadherin, and TGF-β in BON shVEGFR-2 cells to that in control BON cells; numbers

under the lanes represent relative densitometric values.
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Figure 6.
BON cells express sVEGFR-2. (a, top) BON cells express sVEGFR-2, as assessed by

ELISA. HMVEC-L and HT29 cells were used as positive and negative controls,

respectively, of sVEGFR-2 expression. (a, bottom) qRT-PCR further confirms the

expression of sVEGFR-2 in the BON cell line. Primers targeting the exon13-intron 13

junction in Vegfr2 were used to specifically detect sVegfr2 transcripts (*, p < 0.05 vs. BON).

(b) ELISA and qRT-PCR verify that a reduction in VEGFR-2 expression, via VEGFR-2

shRNA, also decreases the expression of sVEGFR-2 (*, p = 0.045 vs. treatment with Control
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shRNA). (c) BON cells with stably reduced PTEN expression have decreased expression of

sVEGFR-2. Both VEGFR-3 and its ligand VEGF-C, which can also bind sVEGFR-2, are

expressed in (d) BON cells and in (e) gastric and intestine carcinoid sections (200X). (f)

Treatment with VEGF-C (50 ng/ml) for 5 h enhances BON cell migration (*, p = 0.0046 vs.

no treatment with VEGF-C). (g) This schematic diagram summarizes our findings

demonstrating an inverse relationship between PI3K/Akt signaling and VEGFR-2 and

sVEGFR-2 expression and the possible relationship between sVEGFR-2 and VEGF-C/

VEGFR-3 signaling in BON cells.
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