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Abstract
Background—Gastrointestinal carcinoid tumors are highly metastatic. Activation of the Raf-1
signaling pathway in carcinoid cells results in morphology changes. These Raf-1-induced structural
changes may affect cellular adhesion, thereby altering metastatic potential.

Methods—An estrogen-inducible Raf-1 cell line (BON-raf) was used to study the effects of Raf-1
on cellular adhesion. Cell adhesion was measured before and after Raf-1 induction. Western blot
analysis was used to confirm Raf-1 activation and measure levels of an essential adhesion regulator,
β-catenin.

Results—Estrogen treatment of BON-raf cells resulted in Raf-1 activation and a marked reduction
(68%) in cell adhesion. In the absence of Raf-1 induction, carcinoid cells expressed high levels of
β-catenin. Raf-1 activation led to decreased expression of β-catenin.

Conclusions—Raf-1 induction in carcinoid cells results in a significant decrease in adhesion.
Furthermore, the important adhesion regulator β-catenin is reduced in activated BON-raf cells. These
Raf-1-related changes in adhesion may alter the metastatic phenotype of carcinoid cells.
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Introduction
Gastrointestinal (GI) neuroendocrine tumors (NETs) such as carcinoids and pancreatic islet
cell tumors frequently metastasize to the liver. After colorectal carcinoma, GI NETs are the
most common source of isolated hepatic metastases [1–4]. About 75% of patients with
carcinoid tumors have metastases at the time of initial diagnosis [3–5]. While several
intracellular signal transduction pathways have been implicated in the growth of GI NETs
[6–12], little is known regarding the factors that regulate the development of their metastases.

Metastasis is a complex process by which cancer cells spread from the original tumor to distant
sites. Changes in tumor cell adhesion are known to promote the development of metastases.
We have previously observed that activation of the Raf-1 signaling pathway in carcinoid cells
results in dramatic morphologic changes [13]. Under normal conditions GI carcinoid (BON)
cells grow in clusters which coalesce into confluent sheets. However, after Raf-1 induction,
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the cells develop distinct cellular borders and do not form sheets. This led us to hypothesize
that Raf-1 activation in GI carcinoid cells may alter cellular adhesion, thereby affecting the
ability of carcinoid cells to invade and metastasize. To test this hypothesis we used an estrogen-
inducible Raf-1 carcinoid cell line to analyze the effects of this signaling pathway on cellular
adhesion in vitro.

Materials and Methods
Cell Culture

Metastatic human pancreatic carcinoid cells (BON cells), a gift of Drs. Mark Evers and
Courtney Townsend, Jr. (University of Texas, Galveston, TX), were maintained in Dulbecco’s
modified eagle medium (D-MEM): nutrient mixture F-12 in a 1:1 ratio (Invitrogen, San Diego,
CA), supplemented with 10% fetal bovine serum (FBS, Sigma, St. Louis, MO), 100 units/mL
penicillin, and 100 μg/mL streptomycin (Invitrogen), in a humidified atmosphere of 5% CO2
at 37°C.

Activation of Raf-1 in GI Carcinoid Cells
Activation of the Raf-1/MEK/ERK signaling pathway in metastatic human pancreatic
carcinoid cells was achieved utilizing an estrogen-inducible Raf-1 cell line (BON-raf [13]).
Briefly, BON cells were stably transduced with the retroviral vector pLNC raf-l:ER (gift of
Dr. Martin McMahon, University of California at San Francisco), a fusion molecule containing
the ligand-binding domain of the estrogen receptor connected to the raf kinase domain of c-
raf-1 [14,15], to create BON-raf cells. BON-raf cells were maintained in phenol red-free D-
MEM/F-12 supplemented with 10% FBS, 100 units/mL penicillin, 100 μg/mL streptomycin,
and 500 μg/mL G418 (Invitrogen).

To induce raf-1 activity in BON-raf cells, 1 μM β-estradiol (E2, Sigma) was added to the media
24 hours after seeding the flasks. An equivalent dilution of ethanol, the carrier for the E2, was
used for control treatments.

Adhesion Assay
To study the effects of Raf-1 induction on cellular adhesion in GI carcinoid cells, a standard
adhesion assay [16] was used. BON and BON-raf cells were seeded equally in 10 mL petri
dishes and allowed to adhere and proliferate for 24 hours. Forty-eight hours after treatment
with control or E2, cells were trypsinized with either 0.1% trypsin alone (T) or 0.1% trypsin
attenuated by the addition of 1mM calcium chloride (T-Ca), and incubated at 37°C for five
minutes. Cells were pipetted five times gently in 10 mL of 1X phosphate-buffered saline (PBS)
and counted. Each sample was done in triplicate and the experiment was repeated three times.

For each cell type (BON or BON-raf) and treatment (control or E2) combination, the number
of adhered cells was calculated by subtracting the number of floating cells after T-Ca
trypsinization from the total number of cells, which was considered equal to the number of
floating cells after T trypsinization. Relative adhesion was calculated by dividing the number
of adhered cells after E2 treatment by the number of adhered cells after control treatment.
Results were analyzed by ANOVA using statistical software (SPSS version 10.0, SPSS,
Chicago, IL). A P value of < 0.05 was considered significant.

Western Blot Analysis
Cell lysates were extracted from BON and BON-raf cells harvested after 48 hours treatment
with control or E2 using a standard protocol [7]. Protein concentrations were quantified with
a bicinchoninic acid assay kit (Pierce, Rockford, IL). Denatured cellular extracts (40 μg) were
separated on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
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gels and transferred to nitrocellulose membranes (Schleicher and Schuell, Keene, NH). After
transfer, the membranes were blocked for 1 hour in milk solution (5% nonfat dry milk and
0.05% Tween 20 in 1X PBS) and incubated with the appropriate antibodies as previously
described [7]. The following primary antibody dilutions were used: regular and phosphorylated
extracellular signal-regulated kinase 1/2 (ERK1/2 and phospho-ERK1/2, 1:1,000, Cell
Signaling Technology, Beverly, MA), achaete-scute complex-like 1 (ASCL1, also known as
MASH1, 1:1,000, BD Pharmingen, San Diego, CA), chromogranin A (CgA, 1:1,000, Zymed
Laboratories, San Francisco, CA), β-catenin (1:500, Santa Cruz Biotechnology, Santa Cruz,
CA), and G3PDH (1:10,000, Trevigen, Gaithersburg, MD). Primary antibody incubations were
performed overnight at 4°C. After primary antibody incubation, membranes were washed 3 x
5 min or 3 x 10 min, depending on the antibody, in PBS-T wash buffer (1X PBS and 0.05%
Tween 20). Membranes were incubated with a 1:2000 dilution of the appropriate anti-mouse
or anti-rabbit horseradish peroxidase-conjugated IgG secondary antibody (Cell Signaling
Technology) for 1 hour. The membranes were then washed 3 x 5 min or 3 x 10 min in PBS-T
wash buffer and developed by ImmunStar (Bio-Rad; Hercules, CA) for ERK1/2, phospho-
ERK1/2, chromogranin A, β-catenin, and G3PDH, or Super West Femto chemiluminescence
substrate (Pierce) for mASH1, according to the manufacturers’ directions.

β-catenin and G3PDH protein levels were quantified using computer software (ImageQuant
version 5.0, Amersham Biosciences, Buckinhamshire, UK). β-catenin expression was
calculated by dividing the quantified β-catenin level by the G3PDH level. Relative β-catenin
expression was calculated by dividing β-catenin expression in E2-treated cells by that in control
cells.

Results
Effects of Raf-1 Induction on Intracellular Signaling in GI Carcinoid Cells

Estradiol treatment of BON-raf cells resulted in high levels of Raf-1 pathway induction as
evidenced by increased levels of phospho-ERK1/2 protein. ERK is a downstream kinase in the
Raf-1 pathway that becomes phosphorylated when the pathway is activated [9,17].
Furthermore, E2-treatment of BON-raf cells led to a decrease in the transcription factor
ASCL1, which has been shown to be important in determining the NET phenotype [8,17,18].
Finally, E2-treated BON-raf cells had lower levels of CgA, a tumor marker that is co-secreted
with a variety of peptide hormones and neurotransmitters by NETs and is thus commonly used
in the diagnosis and monitoring of patients with these tumors. These consequences of Raf-1
activation— phosphorylation of ERK1/2 and suppression of ASCL1 and CgA—were seen by
Western blotting (figure 1) only in E2-treated BON-raf cells, and not in parental BON cells
which lack the E2-inducible Raf-1 construct.

Effects of Raf-1 Induction on GI Carcinoid Cellular Appearance
Treatment of BON cells with E2 had no effect on cell shape or size. Like BON-raf cells treated
with control, BON cells grew in clusters and confluent sheets, with indistinct cellular margins.
However, treatment of BON-raf cells with E2 resulted in dramatic changes in cellular
appearance: the cells became flatter and developed distinct margins with gaps between adjacent
cells (figure 2). Instead of the round shape of BON cells, the Raf-1-activated BON-raf cells
assumed a stellate configuration, with long thin cell projections. The fact that the Raf-1
activated cells did not readily join together to form sheets suggested a change in cell-to-cell
adhesion.

Effects of Raf-1 Induction on Cell Adhesion
The observed changes in cell morphology—i.e, the development of distinct cellular margins
and gaps between neighboring cells—led us to hypothesize that Raf-1 induction was altering
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the ability of the carcinoid cells to adhere together. After Raf-1 induction in BON-raf cells was
confirmed by Western analysis as described above, we analyzed the effects of Raf-1 activation
on cell adhesion using a standard attenuated-trypsin assay. Activation of the Raf-1 signaling
pathway via E2 treatment in BON-raf cells led to a marked reduction (68%, P <0.05) in
adhesion compared to cells treated with control. By contrast, no significant difference in
adhesion was seen between control and E2 treated BON cells (figure 3). Taken together, the
observed changes in cell shape and organization and the decrease in cellular adhesion suggest
that Raf-1 activation leads to important structural changes in BON cells.

Effects of Raf-1 Induction on Levels of β-catenin
β-catenin is known to play an important role in both cell adhesion and signal transduction.
Since Raf-1 activation led to cell shape changes as well as decreased cellular adhesion, we
analyzed the effect of Raf-1 induction in GI carcinoid cells on β-catenin expression by Western
blotting. As shown in figure 4A, in the absence of Raf-1 pathway activation, BON and BON-
raf cells expressed high levels of β-catenin protein. Interestingly, E2-treatment of BON-raf
cells, but not BON cells, resulted in decreased levels of β-catenin. The quantified relative β-
catenin expression of Raf-1-activated cells compared to control cells was 54% (figure 4B).
This 46% drop in β-catenin expression may account for some of the 68% decrease in adhesion
seen after E2 treatment of BON-raf cells. We conclude from these data that changes in cellular
adhesion after Raf-1 pathway activation could be mediated in part by changes in β-catenin.

Discussion
As for most other types of cancer, patients who die from GI NETs usually do so because of
their metastases, not the primary tumor. Metastasis is a complex cascade of many steps in
which cancer cells leave the original tumor, enter blood or lymphatic vessels, migrate to distant
sites in the body, exit the vessel, invade the host organ, establish a blood supply, and grow into
a new tumor. Changes in cell adhesion are crucial to several steps in tumor invasion and
metastasis. In the present study we report that Raf-1 induction in GI carcinoid cells results in
a decrease in cell adhesion and β-catenin protein expression. These adhesion-related changes
may affect the metastatic phenotype of these tumor cells.

The catenins, along with their binding partners, cadherins, are important in cancer progression
and metastasis [19–22]. β-catenin is mutationally activated in several cancers (e.g., 90% of
hepatoblastomas and 10% of colon adenocarcinomas [22,23]). β-catenin plays a dual role in
cell adhesion and transcriptional activation. The molecule interacts with cadherin adhesion
receptors and the actin cytoskeleton to form adhesion junctions. Wnt signaling inhibits the
degradation of β-catenin, which then can accumulate in the nucleus where it complexes with
T cell factor and transactivates target genes known to play a role in cancer progression such
as Cyclin D1 and Myc [22–24]. Therefore, downregulation of β-catenin in cancer cells would
be expected to have important effects on both cell adhesion and transcriptional activity.

In this study we report for the first time that Raf-1 activation in GI carcinoid cells results in
significantly decreased cellular adhesion. Furthermore, Raf-1 activation leads to decreased
protein expression of β-catenin, an important cell adhesion and Wnt pathway signaling
molecule. These Raf-1 related changes in cellular adhesion and β-catenin expression may alter
the metastatic phenotype of carcinoid tumor cells. Further studies are warranted to explore the
effects of Raf-1 activation on other adhesion molecules such as E- and N-cadherin, neural cell
adhesion molecule (NCAM), and the fibroblast growth factor receptors (FGFRs). In vivo
studies using a murine model of hepatic NET metastases may help elucidate the effects of Raf-1
activation on the ability of these tumors to metastasize.
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We have previously reported that the pharmacologic Raf-1 activator ZM336372 decreases
growth and inhibits hormone production in NETs [17,25]. Raf-1 activating drugs such as
ZM336372 represent a potential novel therapy for patients with NETs. Besides affecting NET
growth and hormone production, Raf-1 activators may also change cellular adhesion in tumor
cells and thus alter their metastatic potential.

7 - RAF-1 ACTIVATION IN GASTROINTESTINAL CARCINOID CELLS
REDUCES TUMOR CELL ADHESION

D.J. Greenblatt, M. Kunnimalaiyaan, H. Chen

DR. CHRISTOPHER R. McHENRY (Cleveland, Ohio): How will you determine if these
adhesion related changes actually affect the metastatic phenotype of the GI carcinoid tumor
cells? What is the relationship between the Raf-1 signaling pathway and beta-catenin? Is the
observed decrease in beta-cantenin expression the result of stimulation of the Raf-1 signaling
pathway or is it due to some other estrogen-induced cellular effect? Finally, do all GI carcinoid
tumor cells have the Raf-1 signaling pathway, and is there any way to explain the differences
in metastatic potential for different carcinoid tumors based on this pathway?

Dr. GREENBLATT: Our results have shown that Raf-1 pathway activation does decrease
adhesion and decrease expression of beta-catenin, but we have not definitively answered the
question, does it decrease the ability of these cells to metastasize. We do know that adhesion
is a crucial step in the metastatic cascade, and we hope that by blocking one step, we may
inhibit the entire process. Our lab is currently conducting further studies to answer the question
of whether Raf-1 activation decreases metastasis. Preliminary results using an in vitro matrigel
migration assay do show that Raf-1 activation decreases the ability of the cells to invade.
Furthermore, we intend to perform in vivo experiments using a mouse model of carcinoid liver
metastases to answer the question if Raf-1 activation does decrease metastases.

As far as the relationship between Raf-1 and beta-catenin, we think that Raf-1 may modulate
beta-catenin by inhibiting a third signaling pathway called GSK three beta.

Do all GI carcinoid tumors have the Raf-1 pathway, and is there any relationship between the
activity of this pathway and the different levels of metastatic behavior that we see clinically?
It’s important to understand that Raf-1 is a protein that is ubiquitous. It is found in every body
in our cells, however, activation of the pathway is highly context dependent. We have started
to analyze a collection of human tumor samples taken from patients in the OR, and of all the
GI carcinoids that we have looked at to-date, none have shown any evidence of Raf-1 pathway
activation. As far as the correlation between Raf-1 pathway activity and metastatic phenotype,
we have analyzed about 20 GI neuroendocrine tumors to-date, and none of the metastatic
tumors have any Raf-1 activation, and indeed only one tumor sample has any activated Raf at
all, and that is a benign insulinoma. While these results are preliminary, we do think that there
is some connection between activation of this pathway and metastatic potential, therefore, these
results have both diagnostic and therapeutic implications. Measuring Raf-1 activity in tumors
may have some prognostic value in predicting which patients will go on to develop hepatic
metastases. Our main goal is to try to develop new treatments, targeted therapies, based on
Raf-1 activation. We do have one drug, ZM33672, currently in pre-clinical trials, and in our
in vitro experiments, as wells in vivo studies, we have been able to inhibit the growth of
carcinoid tumors in mice. There is still a lot of work to do before we can think about human
clinical trials, but I think this is a promising line of inquiry.
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Figure 1. Treatment of BON-raf cells with estradiol results in phosphorylation of ERK1/2 and
inhibition of ASCL1 and CgA
BON and BON-raf cells were treated with control (C) or 1 μM β-estradiol (E2) for 48 hours
and total cellular proteins were harvested as described in Materials and Methods. Western blot
analysis confirmed the presence of phosphorylated ERK1/2 protein in E2 treated BON-raf cells
but not in BON cells or untreated BON-raf cells. Raf-1 activation in BON-raf cells decreased
protein levels of ASCL1 and CgA. Equal protein loading was confirmed using antibody against
G3PDH. ERK1/2, extracellular signal-regulated kinase 1/2; ASCL1, achaete-scute complex-
like 1; CgA, chromogranin A.
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Figure 2. Raf-1 activation in BON-raf cells results in changes in cell shape
BON and BON-raf cells were treated with control (C) or 1 μM β-estradiol (E2) for 48 hours
and examined under light microscopy for changes in cell shape and size. Only E2-treated BON-
raf cells developed sharp cellular margins and projectile extensions.
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Figure 3. Raf-1 activation in BON-raf cells results in decreased cellular adhesion
Adhered BON and BON-raf cells were treated with control or 1 μM β-estradiol (E2) for 48
hours and then exposed to 0.1% trypsin attenuated with 1mM calcium chloride for 5 minutes.
The relative adhesion rate for each cell line was calculated by dividing the number of adhered
cells after control treatment by the number after E2 treatment and multiplying by 100%. A
significant (P < 0.05) decrease in adhesion was observed in E2 treated BON-raf cells but not
BON cells.
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Figure 4. Raf-1 activation in BON-raf cells results in decreased protein expression of β-catenin
A: Western blot analysis using cell lysates from BON and BON-raf cells treated with control
(C) or 1 μM β-estradiol (E2) for 48 hours demonstrated a decrease in β-catenin protein only in
E2 treated BON-raf cells. G3PDH was used as a loading control. B: When quantified, the
relative β-catenin expression in E2-treated BON-raf cells compared to control cells was 54%,
representing a 46% decrease. By contrast, the relative β-catenin expression for E2-treated BON
cells was 99.6%.
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