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TrkBT1 Induces Liver Metastasis of Pancreatic Cancer Cells by
Sequestering Rho GDP Dissociation Inhibitor and
Promoting RhoA Activation
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Abstract

Introduction
Pancreatic adenocarcinoma is the fourth leading cause of adult
cancer deaths in the United States (1). The 5-year survival rate
ranges from 1% to 3%, and the median survival duration after
diagnosis is <6 months (1). At the time of diagnosis, most patients
with pancreatic cancer present with locally advanced or metastatic
disease (2, 3). Because of these factors and the fact that it is
characterized by a poor prognosis and lack of response to
conventional therapy (3, 4), pancreatic cancer poses one of the

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
Requests for reprints: Paul J. Chiao, Department of Surgical Oncology, The
University of Texas M.D. Anderson Cancer Center, Unit 107, 1515 Holcombe Boulevard,
Houston, TX 77030. Phone: 713-794-1030; Fax: 713-794-4830; E-mail: pjchiao@
mdanderson.org.
I2009 American Association for Cancer Research.
doi:10.1158/0008-5472.CAN-08-4002

www.aacrjournals.org

7851

Cancer Res 2009; 69: (19). October 1, 2009

Downloaded from http://aacrjournals.org/cancerres/article-pdf/69/19/7851/2616303/7851.pdf by guest on 09 August 2022

Many genetic and molecular alterations, such as K-ras
mutation and NF-KB activation, have been identified in
pancreatic cancer. However, the mechanisms by which
pancreatic cancer metastasizes still remain to be determined.
Although we previously showed that the tropomyosin-related
kinase B (TrkB) was significantly correlated with the
development of liver metastasis, its function in pancreatic
cancer metastasis remained unresolved. In the present study,
we showed that overexpressed TrkB is an alternatively spliced
transcript variant of TrkB (TrkBT1) with a unique COOHterminal 12–amino acid sequence and is mainly localized in
the cytoplasm. Our results showed that overexpression of Flagtagged TrkBT1 but not a Flag-tagged TrkBT1 COOH-terminal
deletion mutant (Flag-TrkBT1#C) in nonmetastatic pancreatic cancer cells enhanced cell proliferation, promoted
formation of colonies in soft agar, stimulated tumor cell
invasion, and induced liver metastasis in an orthotopic
xenograft mouse model of pancreatic cancer. TrkBT1 interacted with Rho GDP dissociation inhibitor (GDI) in vivo, but
Flag-TrkBT1#C did not. Furthermore, overexpression of FlagTrkBT1 and knockdown of RhoGDI expression by RhoGDI
short hairpin RNAs promoted RhoA activation, but FlagTrkBT1#C overexpression did not. Therefore, our results
showed that TrkBT1 overexpression induces liver metastasis
of pancreatic cancer and uncovered a unique signaling
mechanism by which TrkBT1 sequesters GDI and activates
RhoA signaling. [Cancer Res 2009;69(19):7851–9]

greatest challenges in cancer research and treatment. Although
many genetic and molecular alterations have been identified in
pancreatic cancer based on the most frequently detected changes
in patients with this disease (5), the underlying mechanisms by
which pancreatic cancer cells become invasive and metastatic also
remain to be elucidated.
Studies of liver metastases of human pancreatic cancer have
been complicated by several difficulties. For example, no liver
metastatic lesions can be obtained for analysis because surgery is
not a treatment option for almost all patients with metastatic
pancreatic cancer (6). Furthermore, few or no liver metastases
samples can be spared from computed tomography–guided liver
biopsy analysis. These issues have made obtaining samples of
metastatic pancreatic cancer suitable for molecular analysis
impossible through conventional methods, and a special program
such as rapid autopsy of deceased pancreatic cancer patients is
needed for collecting high-quality tissues from patients with
metastatic pancreatic cancer (7, 8). To overcome this difficulty,
Bruns and colleagues generated the highly liver metastatic
Colo357L3.6pl pancreatic cancer cell line, a variant of the parental
nonmetastatic Colo357FG pancreatic cancer cell line, using an
orthotopic nude mouse model (9–12). To search for candidate
genes overexpressed in pancreatic tumor invasion and metastasis,
we previously performed a cDNA microarray analysis (9, 13) and
showed that overexpression of tropomyosin-related kinase B
(TrkB) was found in highly liver metastatic Colo357L3.6pl cells by
cDNA microarray analysis and is correlated with perineural
invasion, positive retroperitoneal margins, and early onset of liver
metastasis of human pancreatic cancer, suggesting that TrkB
overexpression may be involved in pancreatic cancer invasion and
metastasis (13).
Neurotrophins and their receptors (p75NTR and the Trk family
of receptors) play a plethora of roles in malignant cells. The TrkB
gene is unusually large, spanning 355 kb (National Center for
Biotechnology Information gene reference NC_000009.11). Because
of alternative splicing and the use of different transcription
termination (polyadenylation) sites, TrkB has multiple transcription variants and five major TrkB variants can be separated into
three groups (Supplementary Fig. S1; ref. 14). TrkBT1 is a kinase
domain absent TrkB variant with a unique COOH-terminal tail
composed of 12 amino acids. Ohira and colleagues showed that
TrkBT1 activated the RhoA signaling. However, the mechanisms by
which TrkBT1 regulated RhoA activity have not been unequivocally
shown (15).
In this report, we showed that overexpression of Flag-tagged
TrkBT1 (Flag-TrkBT1), but not of a Flag-tagged TrkBT1 COOHterminal deletion mutant (Flag-TrkBT1DC), in Colo357FG cells
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induced colony formation in soft agar, cell invasion, and liver
metastasis in an orthotopic xenograft mouse model of pancreatic
cancer. We show that overexpressed TrkBT1 interacts with Rho
GDP dissociation inhibitor (GDI) in vivo, thus uncovering a unique
signaling mechanism by which TrkBT1 sequesters GDI and
promotes RhoA activation.

Materials and Methods

Cancer Res 2009; 69: (19). October 1, 2009

Results
TrkBT1 but not full-length TrkB is overexpressed in
pancreatic cancer cells. We previously identified TrkB as an
overexpressed gene in metastatic pancreatic cancer. Because of
the existence of multiple transcription variants of TrkB and the
functional diversity of different TrkB variants (Supplementary
Fig. S1), we sought to further characterize the expression of
individual variants of TrkB in pancreatic tumor samples and
several pancreatic cancer cell lines. The results are shown in Fig. 1
and summarized in Supplementary Table S1. By analyzing TrkB
expression using RT-PCR with variant-specific primers, we found
that of the five major TrkB variants, only TrkBT1/variant b was
detectable in highly liver metastatic Colo357L3.6pl cells (Fig. 1A).
All the major TrkB variants were detectable in a glioma cell line,
SNB19, as a RT-PCR–positive control to confirm the specificity and
sensitivity for the optimized PCR conditions (Fig. 1A). Equal
amounts of cDNA were indicated by glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) level (Fig. 1A and B). We also found
overexpression of TrkBT1 in other metastatic pancreatic cancer
cell lines Capan-2, BxPc-3, and Hs766T (Fig. 1B, top; refs. 23–25)
and in seven pancreatic tumor samples but much lower expression
levels in the nonmetastatic pancreatic tumor cell lines MiaPaCa-2,
PANC-1, and MDAPanc-28 (Fig. 1B, bottom; refs. 19, 26, 27). TrkBT1
expression was undetectable in normal pancreatic tissue samples
and immortalized human pancreatic ductal epithelial (HPDE) cells
(Fig. 1B). Direct sequencing of PCR products confirmed that the
amplified product of TrkBT1 is wild-type (data not shown).
To confirm the TrkBT1 overexpression in the pancreatic cancer
cell lines and pancreatic tumor samples, we performed Western
blot analysis to determine its protein expression level in these
samples. The overexpressed TrkBT1 in Colo357L3.6pl cells has a
molecular weight of f60 kDa, which is less than wild-type TrkB
(145 kDa) and TrkBT1 (95 kDa) observed in SNB19 glioma cells
(Fig. 1C; ref. 28). Sequencing of TrkBT1 cDNA cloned from
Colo357L3.6pl cells verified the size of this full-length TrkBT1
protein, suggesting that 60-kDa TrkBT1 might lack posttranslational modifications. The results of this Western blotting confirmed
that TrkBT1 was overexpressed in the highly metastatic cell lines,
such as Colo357L3.6pl, BxPc-3, and Capan-2, but not in the
nonmetastatic cell lines, such as Colo357FG, MiaPaCa-2, MDAPanc-28, and PANC-1, suggesting that TrkBT1 overexpression is
involved in pancreatic cancer invasion and metastasis (Fig. 1D).
TrkBT1 is primarily localized in the cytoplasm. To determine the
function of overexpressed TrkBT1, we examined the localization of
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Pancreatic tissue samples, cell lines, and cell culture. All of the
human pancreatic cancer cell lines used in this study were grown in DMEM
containing 10% fetal bovine serum and incubated at 37jC in a humidified
atmosphere of 5% CO2. Colo357FG and Colo357L3.6pl cells were described
previously (9).
Mice. Female nude athymic BALB/c mice were purchased from Charles
River Laboratories, Inc. Half million viable PANC-1, Colo357FG,
Colo357L3.6pl, Colo357FG/Vec, Colo357FG/TrkBT1, Colo357FG/TrkBT1DC,
Colo357FG/GDI-Sh1, PANC-1/Vec, and PANC-1/GDI-Sh1 cells, as determined
by trypan blue exclusion assay, were suspended in 50 AL of PBS with 10%
Matrigel and carefully injected into the pancreatic parenchyma of each
mouse. There was no detectable leakage during tumor cell injection as
described in a previous report (9). The animal protocol was approved by
the M. D. Anderson Institutional Animal Care and Use Committee.
Reverse transcription-PCR. Reverse transcription (RT) reaction with
oligo(dT) primers and PCR were performed as described previously (16).
Plasmid construction, transfection, and in vivo tumor imaging.
pCMV-Tag4A-Flag-TrkBT1 (NM_001007097) and pCMV-Tag4A-FlagTrkBT1DC plasmids, including pCMV-Tag4A empty vector for generation
of control cells, were transfected into Colo357FG and PANC-1 cells using
FuGENE 6 (Roche) according to the manufacturer’s recommendations. A
range of G418 concentration (100–1,000 Ag/mL) was used to test the
sensitivity to G418, and 500 Ag/mL were used to select stably transfected
Colo357FG/Vec, Colo357/TrkBT1, and Colo357/TrkBT1DC cells with
untransfected Colo357FG cells as selection controls. Rho GDI1 short
hairpin RNA (shRNA) lentiviral plasmids (pLKO.1-puro) were purchased
from Sigma. Rho GDI1 shRNA lentivirus was harvested from HEK293
cells 48 h after transfection, as described by Tiscornia and colleagues (17).
For in vivo imaging, an enhanced green fluorescent protein (GFP)/firefly
luciferase ( fLuc) double-expressing cassette was introduced into pancreatic
cancer cells by lentiviral infection. The in vivo tumor growth was monitored
in real time using an IVIS imaging system (Xenogen; ref. 18).
MTT assay. An MTT assay was performed in triplicate on 96-well plates
as previously described (19). The data were expressed as the mean F SE for
three independent experiments.
Cell invasion assay. Invasion assay was performed as previously
described using 24-well plates by using a Matrigel-coated invasion chamber
(BD Biosciences) with an 8.0-Am pore size positron emission tomography
membrane coated with a thin layer of GFR Matrigel Basement Membrane
Matrix (19). A representative field of each experiment was photographed
with 4 lens and 2.5 magnification.
Cell fractionation. Cell plasma membrane, cytosolic, and nuclear
fractions were prepared using a Qproteome Cell Compartment kit (Qiagen)
according to the manufacturer’s protocol.
Anchorage-independent growth. Colony formation assay with 1.0 
104 cells per well seeded in soft agar was performed as previously described
(20). Colonies larger than 0.05 mm were automatically counted. Means and
95% confidence intervals of three independent experiments were performed
in triplicate.
Western blot analysis. Histologically normal pancreatic tissue and
pancreatic adenocarcinoma samples, obtained at the institution Pancreatic
Tumor Tissue Bank, and cultured pancreatic cancer cells were used to
obtain protein extracts. Western blot analysis was performed as previously
described (21).
Coimmunoprecipitation. Protein extracts (1 mg) were subjected to
immunoprecipitation with 1 Ag of an anti-Flag M2 antibody (Sigma) linked
with agarose beads at 4jC for 2 h. The immunoprecipitates were eluted

with Flag peptide and subjected to Western blotting with anti-Rho GDI1
and anti-Flag M2-horseradish peroxidase (HRP) antibodies.
Immunocytochemistry. Immunostaining of TrkB was performed using
an anti-TrkB antibody (BD Biosciences), and quantification of immunostainings was performed by averaging two sets of independently obtained
results from five microscopic fields (22).
Rho activation assay. A standard assay comprised a pull-down assay
using glutathione S-transferase (GST)–Rhotekin–Rho binding domain
(RBD) protein beads and a monoclonal anti-RhoA antibody (Santa Cruz
Biotechnology) according to the manufacturer’s protocol.
Rho-associated kinase activity assay. Rho-associated kinase (ROCK)
kinase activity was measured by ROCK activity immunoblot kit using a
recombinant MYPT1 as substrate and anti–phospho-MYPT1 Thr696
according to the manufacturer’s instruction (Cell Biolabs, Inc.).
Statistical analysis. All statistical analyses were performed with NCSS
software. The significance of the data was determined by using the m2 test
and Fisher’s exact. A value of P < 0.05 was considered significant.

TrkBT1 Induces Pancreatic Cancer Metastasis

nonmetastatic Colo357FG cells to produce stable expression clones
using G418 selection. In addition, the empty vector pCMV-Tag4A
was also transfected into Colo357FG to generate control cells,
Colo357FG/Vec. We identified the overexpression of Flag-TrkBT1
and Flag-TrkBT1DC protein in G418-resistant clones using Western
blotting with an anti-Flag M2 antibody. As shown in Supplementary Fig. S2A and B, we detected Flag-TrkBT1; compared the
growth of Colo357FG/Vec, Colo357FG/TrkBT1, and Colo357FG/
TrkBT1DC; and analyzed the growth of three Flag-TrkBT1–positive
clones with different expression level at various time points using
MTT assay. Our results indicated that the ectopic expression of
TrkBT1DC had little effect to cell growth even at high expression
level, whereas overexpression of TrkBT1 in Colo357FG cells significantly promoted cell growth (Supplementary Fig. S2B). These
results suggest that cell growth was positively correlated to the
expression level of TrkBT1 protein. Because TrkBT1 is overexpressed in metastatic pancreatic cancer, we selected the stable
clone Colo357FG/TrkBT1c4 for additional experiments.
TrkBT1 up-regulates N-cadherin and vimentin expression
and may contribute to epithelial-mesenchymal transition. As
malignant progression of tumors is often associated with epithelialmesenchymal transition (EMT), we examined the morphologic
difference between Colo357FG/Vec and Colo357FG/TrkBT1. We
also analyzed the expression of several EMT markers in

Figure 1. Expression of TrkBT1 in pancreatic cancer cell lines and pancreatic tumor tissue samples. A, analyzing the expression of TrkB variants by RT-PCR (30-cycle
conditions) with variant-specific primers in Colo357FG and Colo357L3.6pl cells as indicated. Glioma cell line SNB19 was used as a positive control. B, RT-PCR
analysis of TrkBT1 expression in the metastatic pancreatic cancer cell lines Capan-2, BxPc-3, Hs766T, and Colo357L3.6pl and in the nonmetastatic pancreatic
cancer cell lines MiaPaCa-2, PANC-1, MDAPanc-28, and Colo357FG (40-cycle conditions) with TrkBT1/variant b–specific primers. Immortalized HPDE cells served as
negative controls (top ). Pancreatic tumors produced by Colo357L3.6pl (L3.6pl O.T. ) cells orthotopically implanted in mice were used as a positive control. GAPDH
was used as an internal cDNA loading control for both RT-PCR. P.N.P., four pooled normal human adult pancreatic tissue samples (bottom ). C, Western blot
analysis of TrkB expression in Colo357FG and Colo357L3.6pl cells. The SNB19 glioma cell lysate was used as a positive control to indicate the posttranslational
modification of full-length TrkB (145 kDa) and TrkBT1 (95 kDa). Staining of the Western blot membrane with Ponceau S was used to determine equal loading of the
cell extracts. D, Western blot analysis of TrkBT1 protein expression in pancreatic cancer cell lines (top ) and tumor tissue samples (bottom ) as indicated. h-Actin
was used as a loading control.
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TrkBT1 in Colo357L3.6pl cells by immunohistochemical analysis
and cell fractionation. As shown in Fig. 2A, TrkBT1 was overexpressed in Colo357L3.6pl cells compared with Colo357FG. The
overexpressed TrkBT1 was predominantly localized to the cytoplasm but not to the plasma membrane. We confirmed this finding
using a cell fractionation assay with 30 Ag of fractionated extracts
enriched from membrane, cytosolic, and nuclear fractions of
HEK293/Flag-TrkBT1, Colo357L3.6pl, and Colo357FG/Flag-TrkBT1.
As shown in Fig. 2B, TrkBT1 protein, either endogenous (right) or
ectopic (left), was strongly expressed in the cytosolic fraction but
very weakly expressed in the membrane fraction and not expressed
at all in the nuclear fraction. These results showed that overexpressed TrkBT1 is mainly localized in the cytoplasm and suggested
that TrkBT1 signaling is independent of ligand brain-derived
neurotrophic factor (BDNF) regulation and may have a novel
signaling mechanism.
TrkBT1 overexpression stimulates cell growth. To further
characterize TrkBT1 function in pancreatic cancer, we used
RT-PCR to clone TrkBT1 and TrkBT1DC (deletion of the COOHterminal 11 amino acids) into the mammalian expression vector
pCMV-Tag4A to generate the COOH-terminal fusion Flag-Tag
construct pCMV-Tag4A-TrkBT1 and pCMV-Tag4A-TrkBT1DC. The
established constructs were sequenced to confirm no mutation in
the cloned inserts, and both constructs were transfected into
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Colo357L3.6pl and Colo357FG cells with ectopic expression of FlagTrkBT1 and TrkBT1DC using Western blot analysis. In Fig. 2C,
Colo357FG/TrkBT1 shows motile and modest spindle cell morphology resembling mesenchymal cells. As shown in Fig. 2D,
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Figure 2. TrkBT1 cellular localization and its expression correlation with EMT
markers. A, immunostaining showing the high expression and cytoplasmic
localization of endogenous TrkBT1 in Colo357L3.6pl (left ) compared with
Colo357FG (right ) cells. B, cell fractionation showing the cellular localization
of the endogenous TrkBT1 in Colo357L3.6pl cells and the transfected
Flag-TrkBT1 in HEK293 and Colo357FG cells as indicated. Paxillin was used
as a cytosolic fraction marker. M, membrane; C, cytosolic; N, nuclear.
C, morphology of Colo357FG (left) and Colo357FG/TrkBT1 (right ) cells.
D, Western blot analysis showing the expression of EMT markers (N-cadherin,
E-cadherin, and vimentin) in TrkBT1-overexpressing Colo357L3.6pl cell
line and Colo357FG expressing an empty vector, stably expressed TrkBT1,
transiently transfected TrkBT1, and stably expressed TrkBT1DC.

expression of N-cadherin and vimentin was up-regulated in
Colo357L3.6pl, Colo357FG/TrkBT1 (transient transfection), and
Colo357FG/TrkBT1 cells (stable clones) but not in Colo357FG
and Colo357FG/TrkBT1DC cells (stable clones). Expression of
Flag-TrkBT1 did not alter the expression of E-cadherin in these
tested pancreatic cancer cell lines (Fig. 2D). Because a key step in
EMTs is the suppression of E-cadherin, these results suggested that
overexpression of TrkBT1 may contribute to pancreatic tumor
progression by inducing partial EMT as indicated by up-regulating
the expression of some EMT markers, such as N-cadherin and
vimentin.
TrkBT1 overexpression promotes anchorage-independent
cell growth and tumor cell invasion in vitro. To test the
anchorage-independent growth of TrkBT1-expressing cells, we
examined the Flag-TrkBT1–stable clones described above using
a colony formation assay in soft agar. Metastatic cell line
Colo357L3.6pl was used as a positive control. As shown in
Fig. 3A, overexpression of TrkBT1 but not TrkBT1DC in nonmetastatic Colo357FG cells significantly enhanced the formation of
colonies. In 0.8% soft agar, Flag-TrkBT1–expressing Colo357FG
cells could form similar sizes and number of colonies as those
observed in metastatic pancreatic cancer cell line Colo357L3.6pl.
Flag-TrkBT1DC–expressing Colo357FG cells had no difference in
colony formation compared with the control Colo357FG/Vec cells.
To determine whether TrkBT1 overexpression induced cell
invasion in vitro, the Matrigel invasion assay was performed as
described in Materials and Methods. The representative fields
of cell invasion experiment are shown (Fig. 3B). These results
showed that overexpression of TrkBT1 stimulated the invasion
of Colo357FG and PANC-1 cells and the results from invasion
assays were summarized in (Fig. 3B), suggesting that overexpression of TrkBT1 may play a role in pancreatic cancer
metastasis by stimulating tumor cell invasion.
TrkBT1 overexpression and RhoGDI knockdown induce
liver metastasis of pancreatic cancer in an orthotopic
xenograft mouse model. Because the binding of RhoGDI1 to
TrkBT1 may disrupt the interaction between RhoGDI1 and RhoA
and lead to RhoA activation, we used the orthotopic xenograft
mouse model to further determine whether ectopic expression of
TrkBT1, or whether knocking down Rho GDI1, activates RhoA
signaling and promotes liver metastasis (Supplementary Fig. S1B).
To facilitate monitoring tumor growth in vivo using in vivo imaging
system, lentiviral infection was used to introduce the GFP/fLuc
dual expression cassette into the test cell lines Colo357FG/Vec,
Colo357FG/TrkBT1, Colo357FG/TrkBT1DC, Colo357FG/GDI-Sh1,
PANC-1/Vec, and PANC-1/GDI-Sh1. These GFP/fLuc-labeled stable
transfectants were injected into the pancreases of nude mice.
Although control cells (Colo357FG/Vec and PANC-1/Vec), TrkBT1expressing cells (Colo357FG/TrkBT1), TrkBT1DC-expressing cells
(Colo357FG/TrkBT1DC), and GDI shRNA–expressing cells
(Colo357FG/GDI-Sh1 and PANC-1/GDI-Sh1) all formed large
tumors, only Colo357FG/TrkBT1, Colo357FG/GDI-Sh1, and PANC1/GDI-Sh1 cells had liver metastasis in nude mice in 8 weeks
(Fig. 4; Supplementary Table S2). These results showed that expression of both TrkBT1 and GDI shRNA induced liver metastasis in
Colo357FG and PANC-1 cells. Three Colo357FG pancreatic tumors
and six Colo357FG/TrkBT1 liver metastatic lesions were collected
for analysis of TrkBT1 expression by Western blot analysis. The
representative experiments shown in Supplementary Fig. S3A
confirmed the overexpression of TrkBT1 in the metastatic lesion of
Colo357FG/TrkBT1 in all the samples. Taken together, these results
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Figure 3. Stimulation of colony formation in soft agar and invasion in Matrigel-coated Boyden chamber by overexpression of TrkBT1. A, assay of colony formation in
soft agar. Colo357L3.6pl, as a positive control, and Colo357FG-stable clones of vector control (Vec ), TrkBT1, and TrkBT1DC were used to analyze the colony
formation capacity as indicated. Representative images of Colo357L3.6pl, Colo357FG/Vec, Colo357FG/TrkBT1, and Colo357FG/TrkBT1DC clones. B, percentage
of colony formation. The number of colonies was determined by counting duplicated plates. Columns, percentage of colony from the mean of three independent
experiments with 104 input cells; bars, SE. *, P > 0.05; **, P < 0.05. C, cell invasion assay using Matrigel-coated Boyden chamber. Colo357FG/Vec, Colo357FG/
TrkBT1, Colo357FG/TrkBT1DC, PANC-1/Vec, PANC-1/TrkBT1, and PANC-1/TrkBT1DC cells were added to the top compartment of a Matrigel-coated Boyden
chamber. After incubation for 48 h, the noninvading cells were removed from the upper surface of the membrane. The invading cells were stained, photographed, and
counted. The representative fields are shown. Magnification, 10. D, invasion index. The number of cells that traversed Matrigel-covered filters was determined
by counting duplicated inserts. Columns, mean of three independent experiments; bars, SE. *, P > 0.05; **, P < 0.05. NIH3T3 was used as control cells to calculate the
cell invasion index according to the instructions for using Matrigel-coated invasion chamber by BD Biosciences.
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suggest that overexpression of TrkBT1 plays a key role in the
malignant progression of pancreatic cancer and a potential
mechanism by which TrkBT1 may bind to Rho GDI1 through
COOH-terminal tail of TrkBT1, which in turn reduces the inhibitory
effect on RhoA and activates RhoA signaling.
The unique COOH-terminal tail of TrkBT1 is essential for
promoting RhoA activation by sequestering GDI. As a result of
alternative splicing, TrkBT1 has a unique COOH-terminal tail
composed of 12 amino acids (GFVLFHKIPLDG). Overexpression of
TrkBT1DC in Colo357FG cells induced neither the formation of

Cancer Res 2009; 69: (19). October 1, 2009

colonies in soft agar culture nor liver metastasis in orthotopic
xenograft mouse model, suggesting that this unique COOHterminal tail is a functional domain responsible for TrkBT1induced phenotypic changes (Figs. 2–4).
To determine how the unique COOH-terminal tail affects cell
signaling networks in promoting metastasis of pancreatic cancer,
we examined the interaction between TrkBT1 and Rho GDI1 in
pancreatic cancer cells. TrkBT1 physically interacted with Rho
GDI1, and this interaction depended completely on the TrkBT1specific COOH-terminal tail, as Flag-TrkBT1DC failed to bring
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Figure 4. Pancreas-to-liver metastasis in
orthotopic xenograft mouse model of pancreatic
cancer. GFP/fLuc dual-labeled stable cell lines
Colo357FG/Vec, Colo357FG/TrkBT1,
Colo357FG/TrkBT1DC, Colo357FG/GDI-Sh1,
PANC-1/Vec, and PANC-1/GDI-Sh1 were injected
into the pancreases of mice to test their liver
metastasis capacity. Representative images of
dissected pancreas with tumor and liver with
metastatic lesions. H&E staining of liver
sections from each group. A, Colo357FG/TrkBT1,
Colo357FG/TrkBT1DC, and Colo357FG/GDI-Sh1.
B, PANC-1/Vec and PANC-1/GDI-Sh1.

TrkBT1 Induces Pancreatic Cancer Metastasis

down Rho GDI1 in Colo357FG/TrkBT1DC cells (Fig. 5A, left). In
addition, TrkBT1 overexpression had no effect on RhoA protein
expression as indicated by Western blotting (Fig. 5A, right). These
results suggested that the overexpressed TrkBT1 may sequester
Rho GDI1 to facilitate Rho activation because Rho GDI1 is a
negative regulator of RhoA activation. So, we further tested Rho

activation using GST-Rhotekin-RBD beads. Rhotekin is a scaffold
protein and effector of RhoA. The RBD of Rhotekin specifically
interacts with the active (GTP bound) form of RhoA, thus acting as
an affinity reagent for monitoring RhoA activation. As indicated in
a pull-down assay using Colo357L3.6pl cells (Fig. 5B, top, left),
loading GTPgS (positive control) into cell lysates enhanced the
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Figure 5. TrkBT1 interacts with Rho GDI1 and
stimulates RhoA activation. A, identification of Rho
GDI1 as a TrkBT1-interacting protein. Left,
Colo357FG cells transfected with Flag-TrkBT1
or Flag-TrkBT1DC were subjected to
immunoprecipitation with anti-Flag M2 antibody and
to immunoblotting with anti-Flag M2-HRP and
anti-RhoGDI1 antibodies. Right, Western blot
analysis was performed to determine the levels of
TrkBT1 and RhoA expression in Colo357FG,
Colo357L3.6pl, Colo357FG/Flag-TrkBT1, and
Colo357/Flag-TrkBT1DC. h-actin was used
as a loading control. B, top left, binding assay with
GST-Rhotekin-RBD protein beads for RhoA activation
(loading GTPgS) and inactivation (loading GDP)
using Colo357L3.6pl cell lysates; top right,
determination of RhoA activation in cell
extracts isolated from Colo357FG,
Colo357L3.6pl, Colo357FG/Flag-TrkBT1,
or Colo357FG/Flag-TrkBT1DC cells using
GST-Rhotekin-RBD protein beads. Bottom left,
immunoblot was performed to determine the
expression levels of Flag-tagged TrkBT1,
Flag-tagged TrkBT1DC, and RhoA in PANC-1/TrkBT1
and PANC-1/TrkBT1DC cells. Coomassie blue
staining was used as a loading control; bottom right,
determination of RhoA activation in cell extracts
isolated from PANC-1/Vec, PANC-1/TrkBT1, and
PANC-1/TrkBT1DC clones using GST-Rhotekin-RBD
beads as described in Materials and Methods. C,
Western blot analysis showing that three lentiviral
Rho GDI1 shRNAs effectively down-regulated Rho
GDI1 protein expression in Colo357FG (top, left) and
PANC-1 (bottom, left) cells, and induction of RhoA
activation in Colo357FG and PANC-1 cells with
knockdown of Rho GDI1 expression (right ). D, ROCK
kinase activity was determined by phosphorylation of
ROCK substrate, MYPT1. Recombinant ROCK1 was
used as a positive control in lane 1.
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Discussion
In this report, we identified that TrkBT1 was overexpressed in
pancreatic tumor and several pancreatic cancer cell lines and that
expression of TrkBT1, but not TrkBT1DC, in nonmetastatic cells
enhances pancreatic tumor growth and colony formation, induces
EMT, and promotes liver metastasis of pancreatic cancer in an
established orthotopic mouse model. As summarized in Fig. 6,
most interestingly, we found that overexpressed TrkBT1 stimulated
Rho activation by sequestering GDI. Thus, we uncovered a novel
signaling mechanism by which TrkBT1 overexpression–mediated
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Figure 6. Working model for TrkBT1 signaling. The model suggests that
TrkBT1-mediated sequester of Rho GDI may account for the activation of RhoA.

RhoA activation contributes to the development of liver metastasis
of pancreatic cancer.
Our studies of TrkBT1 in pancreatic cancer cells showed that the
unique COOH-terminal sequence of TrkBT1 binds to RhoGDI1,
eliciting a unique type of signal transduction other than the wellunderstood regulation of the tyrosine kinase pathway (29). Ohira
and colleagues (30) showed that TrkBT1 bound to Rho GDI1 in glial
cells. The binding of BDNF to TrkBT1 caused Rho GDI1 to dissociate
from the COOH-terminal tail of TrkBT1, resulting in morphologic
changes in astrocytes (15). Consistent with this observation, our
results showed that TrkBT1 interacted with RhoGDI1 to enhance
RhoA activation in metastatic Colo357L3.6pl cells. However, this
interaction may be independent of ligand BDNF regulation because
TrkBT1 protein in Colo357L3.6pl cells is expressed primarily in the
cytosol and not on the cell surface membrane (Fig. 2C).
Studies have shown that Rho GTPases play a role in invasion and
metastasis of pancreatic cancer (31), colorectal cancer (32), bladder
cancer (33), esophageal squamous cell carcinoma (34), and breast
tumor (35). Kusama and colleagues (31) showed that p190 RhoGAP
reduced human pancreatic cancer cell invasion and metastasis by
inactivation of Rho GTPases. In addition, Kamai and colleagues
(33) reported that RhoA activation was associated with invasion
and lymph node metastasis of upper urinary tract cancer. In a
study of colorectal cancer, Takami and colleagues (32) found that
the level of expression of active RhoA protein in primary tumors
correlated with lymph node metastasis. A recent study showed
that overexpression of miR-31 suppressed metastasis of breast
tumor cells and RhoA overexpression partially reverses miR-31–
suppressed metastasis, further suggesting RhoA function in
induction of metastasis (35). The active form of RhoA protein is
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interaction between GST-Rhotekin-RBD and RhoA, whereas
loading GDP (negative control) into the lysates significantly
decreased this interaction, confirming that the GST-RhotekinRBD beads can detect activated RhoA. Thus, we performed a
GST-Rhotekin-RBD binding assay using the cell extracts from
Colo357L3.6pl, Colo357FG/Vec, Colo357FG/TrkBT1, and
Colo357FG/TrkBT1DC cells. As shown in Fig. 5B (top, right),
RhoA was constitutively activated in Colo357L3.6pl cells, but RhoA
activation was not detectable in Colo357FG and Colo357FG/
TrkBT1DC. To confirm RhoA activation by TrkBT1, we generated
PANC-1/Flag-TrkBT1–stable, PANC-1/Flag-TrkBT1DC–stable, and
PANC-1/Vec–stable cell lines. We determined the expression of
Flag-TrkBT1, Flag-TrkBT1DC, and RhoA by Western blot (Fig. 5B,
bottom, left). As shown in GST-Rhotekin-RBD binding assay using
the cell extracts from these three cell lines, the expression of
TrkBT1 but not TrkBT1DC stimulated RhoA activation in PANC-1
cells (Fig. 5B, bottom, right). These results showed that TrkBT1
overexpression induces activation of RhoA by sequestering
RhoGDI1.
We reasoned that if TrkBT1 overexpression results in RhoA
activation through sequestering Rho GDI1, then down-regulation of
Rho GDI1 expression will have a similar effect and RhoA will be
activated in cells with knockdown of Rho GDI1 expression.
Therefore, to verify the findings on RhoA activation through
TrkBT1-mediated sequestering Rho GDI1, we knocked down the
Rho GDI1 expression in Colo357FG and PANC-1 cells using shRNAs
via lentivirus-mediated infection. Three Rho GDI1 shRNAs
effectively down-regulated the expression of Rho GDI1 protein
(Fig. 5C, left) and stimulated RhoA activation (Fig. 5C, right). To
further show the regulation of RhoA activity by TrkBT1 overexpression, we performed additional assays using MiaPaCa-2 (no
TrkBT1 expression) and additional three pancreatic cancer cell
lines with TrkBT1 overexpression, including BxPc-3, Capan-2, and
Hs766T (Supplementary Fig. S3C). These results further suggest
that TrkBT1 overexpression promotes RhoA activation. Moreover,
TrkBT1 overexpression and Rho GDI shRNA–mediated downregulation of Rho GDI1 expression in Colo357FG and PANC-1 cells
resulted in activation of RhoA downstream major effector ROCK
(Fig. 5D). These results suggested that TrkBT1 induces pancreatic
cancer metastasis through induction of constitutive RhoA activation by sequestering Rho GDI1. Figure 6 sketches out our proposed
working model for the mechanism RhoA activation by TrkBT1
overexpression, and the diagram shows that overexpressed TrkBT1
sequesters Rho GDI and relieves the inhibitory effect of RhoGDI on
RhoA, which in turn promotes the RhoA activation through
formation of GTP-bound RhoA. GTP-bound RhoA then activates its
downstream effector ROCK. Consequently, ROCK signaling pathways may activate to regulate numerous cellular processes, including gene transcription, proliferation, adhesion, and migration.

TrkBT1 Induces Pancreatic Cancer Metastasis

significantly higher in Colo357L3.6pl cells than in Colo357FG cells;
however, the level of expression of RhoA protein in Colo357FG
and highly metastatic Colo357L3.6pl cells does not differ (Fig. 5B
and C). Most importantly, overexpression of TrkBT1 in Colo357FG
and PANC-1 cells significantly stimulates activation of RhoA and
liver metastasis of pancreatic cancer, whereas the COOH-terminal
tail-deleted TrkBT1DC does not affect activation of RhoA. These
results indicate that activation of RhoA (possibly including other
Rho GTPases) is induced by the COOH-terminal tail of TrkBT1mediated sequester of RhoGDI, which may account for the TrkBT1
overexpression–mediated capability of pancreatic cancer to
metastasize to the liver.
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