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Metastasis is the most lethal, and at the same time the least understood, aspect of 
cancer (chapter 1). In search of novel metastasis-associated oncogenes, our laboratory 
previously identified the neurotrophic receptor TRKB (NTRK2). TRKB is a potent 
suppressor of anoikis (“detachment-induced apoptosis”) and renders non-malignant 
cells highly tumorigenic and metastatic in immunocompromised mice (Douma et al, 
2004; chapter 2). The work presented in this thesis provides further insight into the 
mechanisms of the pro-oncogenic and prometastatic functions of TRKB and addresses 
its role in human malignant disease. First, we show that all of the pro-oncogenic 
functions of TRKB evaluated in our study (morphologic transformation, anoikis 
suppression, tumorigenesis, metastasis) strictly depend on TRKB kinase activity, and not 
on its putative adhesion domains (Geiger and Peeper, 2007; chapter 3). Following from 
this, we investigated whether TRKB point mutations found in human cancers increase 
TRKB kinase activity or alleviate its ligand-dependency, thereby turning it into an 
oncoprotein. Unexpectedly, whereas none of the four mutations characterized showed 
a gain-of-function phenotype, two seemed to have even impaired transforming 
activity (chapter 4). Lastly, we show that an induction of Epithelial-to-Mesenchymal 
Transition (EMT) is critical for TRKB-induced metastasis, and is mediated by a twist-snail 
pathway (chapter 5). In summary, although the role of TRKB as a bona fide oncogene still 
remains to be proven, the results described in this thesis suggest that TRKB-inhibiting 
agents may interfere with cancer progression at several levels. 

General Discussion

TRKB – an oncogene?

A functional genome-wide screen for anoikis-
suppressing genes was designed previously 
to identify novel, metastasis-associated 
oncogenes (Douma et al, 2004). To what 
extent have we reached this goal? The 
criteria for a gene to be recognized as a bona 
fide “cancer gene” are twofold: it has to be 
altered in human cancer (by translocation, 
amplification, changes in the nucleotide 
sequence or by deregulated expression) and 
the affected gene must be causally involved 
in the oncogenic process (Futreal et al, 2004). 
This has been shown for TRKA in papillary 
thyroid cancer (Bongarzone et al, 1989) and for 
TRKC in secretory breast cancer (Tognon et al, 
2002) and congenital fibrosarcoma (Knezevich 
et al, 1998). Both genes are part of the cancer 
gene census of the Sanger institute (www.

sanger.ac.uk/genetics/CGP/Census/) (Futreal 
et al, 2004). For TRKB, no translocations or 
amplifications have been reported to date. It 
is, however, overexpressed in several human 
malignancies (see chapter 2) and mutated 
(by point mutation) in some tumor biopsies 
and cell lines (Bardelli et al, 2003; Davies et al, 
2005; Marchetti et al, 2008; chapter 4). 

We have determined the potential of four out 
of the eight reported TRKB point mutations to 
suppress anoikis and to produce tumors. To 
our surprise, the two mutations identified in 
colon carcinoma biopsies (Bardelli et al, 2003) 
lacked not only a gain-of-function phenotype, 
but even showed reduced activity relative 
to wild-type TRKB in rat epithelial cells and 
in human colon tumor cell lines (chapter 4). 
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Another possibility to further establish the 
oncogenic role of TRKB is to generate a TRKB 
transgenic mouse model. Several TRKB-based 
models have been made, expressing full-
length (Koponen et al, 2004) or truncated 
(Saarelainen et al, 2000) TRKB. All these 
models aimed at studying the role of TRKB 
in neuronal function, not cancer, and 
conditionally express TRKB postnatally in 
neurons. No cancer phenotype has been 
described for these models. Our group has 
recently begun generating a TRKB mouse 
model (C. Desmet and D.S.P., unpublished), 
similar to the neuroblastoma model with 
MYCN overexpression in the neural crest 
(Weiss et al, 1997). It is worth considering to 
express TRKB in other tissues as well in which 
it has been implicated in cancer, including 
pancreas (Miknyoczki et al, 1999), prostate 
(Dionne et al, 1998) or hematopoietic cells 
(Pearse et al, 2005; Renne et al, 2005).

Overall, the experimental evidence so far 
is not yet strong enough to classify TRKB as 
a bona fide cancer gene and further studies 
are required to solve this issue. Nonetheless, 
overexpression of ligand-activated TRKB 
is associated with a very strong oncogenic 
phenotype in our cell system, including anoikis 
suppression, EMT, increased MAPK- and PI3K 
signaling, tumor formation and metastasis. It 
would be surprising, therefore, if none of these 
TRKB functions would be reflected in human 
tumors. On the other hand, the cell system 
we used, which is based on immortalized 
rodent cells, may have contributed to the 
strong phenotype. Several other proteins also 
suppress anoikis and induce EMT in RIE-1 cells, 
including TPR-MET, ligand-activated EGFR, 
BRAFE600, or RASV12 (Douma et al, 2004; M.A. 
Smit, T.R.G. and D.S.P., unpublished). Of note, 
all those genes are potent established cancer 
genes. 

We have not yet tested the anoikis-suppressive 
potential of TRKA and TRKC. Interestingly, 
neither these, nor any other genes, were 
picked up in the anoikis suppression screen, 

As a cautionary note, because of technical 
limitations and the unavailability of matching 
cancer-derived cell lines, we emphasize that 
we have characterized the activity of these 
mutants in a different cellular context than the 
one in which they were originally identified. It 
is therefore possible that in the original tumor 
they may have contributed to tumorigenesis, 
for example in collaboration with a factor that 
is absent from our experimental cell systems. 
It is also possible that these mutations 
promote an aspect of tumorigenesis that we 
did not investigate in our in-vitro and xenograft 
experiments. At present, it is not obvious how 
an inactivation of the TRKB receptor tyrosine 
kinase would promote tumorigenesis. 

The two other TRKB point mutants, originating 
from human tumor cell lines (Davies et al, 
2005; chapter 4), performed similarly to the 
wild type receptor in our study, and may, 
therefore, correspond to passenger mutations. 
Fortunately, and in contrast to the colon 
cancer-derived mutants, cell lines harboring 
the endogenous TRKBL138F and TRKBP507L 
mutation are available. In the future, we will 
ablate mutant TRKB by RNAi in these cell 
lines and investigate whether this interferes 
with their oncogenicity and/or metastatic 
potential. If so, this would argue in favor of a 
role as a driver mutation and would encourage 
screening more human melanomas and lung 
adenocarcinomas for TRKB mutations. Perhaps 
more successful could be the analysis of the 
recently reported TRKB point mutants found 
in large cell neuroendocrine lung carcinomas 
(Marchetti et al, 2008). This was the first study 
in which TRKB mutations were found not only 
anecdotally but in a substantial proportion 
(~13%) of a specific tumor type. Although the 
number of samples analyzed was still small 
(29), it is remarkable that all mutations map 
within the activation loop of the TRKB kinase 
domain. It follows from our study that it will 
be crucial to functionally characterize these 
mutations and to identify the corresponding 
lung tumor cell lines.
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investigation. Special attention should be 
given to twist and snail in suppressing anoikis/
apoptosis (Maestro et al, 1999; Inukai et 
al, 1999; Vega et al, 2004) in enhancing cell 
migration and invasion (Cano et al, 2000; 
Yang et al, 2004), and in inducing EMT and a 
stem cell-like phenotype (Mani et al, 2008) for 
promoting tumorigenesis and metastasis. 

As TRKB could be a target for anticancer 
therapy (Ruggeri et al, 1999; Geiger and 
Peeper, 2005; Desmet and Peeper, 2006; 
chapter 2), we searched for human tumor 
cell lines overexpressing it. In combination 
with RNAi, such cell lines will be useful tools 
for “proof-of-principle” studies in assessing 
both the role of TRKB in a more physiological 
context and the potential of TRKB as a drug 
target. Screening of more than 50 cell 
lines from different tissues by western blot 
analysis identified only three with clear 
TRKB expression, two from neuroblastoma 
and one from pancreatic adenocarcinoma 
(T.R.G., A. Rosado and D.S.P., unpublished). 
One possible explanation for this low number 
could be that TRKB-overexpressing cells are 
anoikis-resistant and therefore may have 
the tendency to grow as suspension cultures. 
Standard cell culture practice using adherent 
culture dishes may thereby select for cell 
populations expressing relatively low levels 
of TRKB. We may need to improve the way 
in which tumor cell lines are generated to 
obtain cell lines that recapitulate better the 
properties of the original tumors. For this, 
we are currently collaborating with Oncotest, 
a company specialized in establishing cell 
lines and xenografts from explanted human 
tumors. 

Interestingly, in those cell lines in which we 
could detect TRKB, the main form had a lower 
apparent molecular weight than the full-
length protein (T.R.G., A. Rosado and D.S.P., 
unpublished). This form consists, at least to 
some extent, of the C-terminally truncated 
TRKB splice variant “b” (TRKB-T1). Although the 
TRKB-T1 splice variant lacks the entire kinase 

except TRKB. At least in part, this may be 
explained by the fact that these screens 
were performed with non-normalized cDNA 
expression libraries. The fact that we identified 
TRKB only may have several other reasons. 
First, only a gene with pleiotropic functions 
may have allowed a sufficient expansion 
of a cell clone enough to be identified from 
the screen, which selected against cDNAs 
solely suppressing cell death, but not allowing 
for cell proliferation in suspension. Second, 
overexpression of an enzyme, such as a kinase, 
without simultaneously activating it may also 
be insufficient to induce a strong enough 
phenotype. Does this imply that TRKB can be 
activated spontaneously, in the absence of 
ligand? This would be worth investigating, as 
it may bear relevance for TRKB’s role in human 
cancer. G-protein coupled receptors have the 
ability to transactivate TRK receptors (Lee and 
Chao, 2001), but a link to cancer for this has 
not been made so far. 

The role of TRKB in human cancer

TRKB is overexpressed in several human 
cancers (chapter 2). The strongest data about 
its functional implication in the disease 
comes from neuroblastoma, in which TRKB 
levels are elevated in tumors with a poor 
prognosis and with MYCN amplification 
(Brodeur, 2003). Interestingly, twist has been 
found overexpressed in the same category 
of neuroblastoma, in which it has been 
proposed to counteract the pro-apoptotic 
effects of MYCN (Valsesia-Wittmann et al, 
2004). Normally, twist and snail proteins 
play a crucial role in the migration and 
differentiation of neural crest cells (Kuriyama 
and Mayor, 2008), the precursors of the cells 
giving rise to neuroblastoma (Brodeur, 2003). 
Surprisingly little is known about the function 
of twist and snail proteins in neuroblastoma. 
As we have shown that twist and snail 
correspond to critical TRKB targets (chapter 5), 
the role and the connection between these 
factors in neuroblastoma is worthy of further 
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consequences of TRKB mutations, we 
have established an experimental system 
that allows studying basic principles of 
metastasis. RK3E rat kidney epithelial cells 
expressing ligand-activated TRKB reliably 
form subcutaneous tumors in nude mice. 
Importantly, these tumors form pulmonary 
metastases without any further surgical 
procedure, with almost 100% penetrance. 
This system can be a powerful tool, as it is 
easy to manipulate by retroviral transduction, 
sensitive to EMT and anoikis suppression, 
and any candidate gene can be tested in 
vitro and in vivo within the same cell line. Its 
drawback is that it is of rat origin and that the 
mechanisms in RK3E cells may not always be 
conserved in human cells. Furthermore, not 
all reagents (particularly RNAi libraries) are 
as yet available for rat cells. However, our 
group has successfully used this system to 
characterize twist and snail function and 
epistasis (chapter 5) and identified an AP-1 
transcription factor implicated in human 
breast cancer metastasis (C. Desmet and 
D.S.P., unpublished).

We were intrigued by the strong aggregation 
of anoikis-resistant RIE-1 and RK3E cells in 
suspension. We suspect, and others have 
proposed, that cell aggregation counteracts 
anoikis (Bates et al, 2000; Grossmann, 2002) 
and can facilitate metastasis (Liotta et al, 1976; 
Friedl et al, 1995). We show in chapter 3 that 
the putative adhesion domains of TRKB are 
not directly participating in the intercellular 
adhesion. Therefore, characterizing the 
proteins that are responsible for aggregation 
could identify other metastasis-promoting 
genes, possibly revealing additional targets 
for therapeutic intervention. Candidates 
include cadherins (Kantak and Kramer, 1998; 
Bergin et al, 2000; Kang et al, 2007), gap 
junction proteins (Lin et al, 2002), integrins 
(Bates et al, 1994; Casey et al, 2001) and other 
cell surface proteins. We have observed that 
TRKB-expressing RIE-1 cells induce several 
forms of CD44 (C. Desmet, T.R.G. and D.S.P., 
unpublished), a transmembrane glycoprotein 

domain (Middlemas et al, 1991) and can act 
as a dominant-negative TRKB molecule (Eide 
et al, 1996), it does evoke a cellular response 
upon binding of BDNF (Rose et al, 2003). This 
is mediated via an interaction of the short 
cytoplasmic tail of TRKB-T1 with a RHO GDP-
dissociation-inhibitor (GDI) (Ohira et al, 2005). 
RHO GTPases play an important role in actin 
cytoskeleton dynamics and metastasis (Sahai 
and Marshall, 2002). Therefore, depending on 
the intracellular factors present, it is possible 
that TRKB-T1 could elicit oncogenic functions. 
On the other hand, our preliminary results 
suggest also that the cell lines mentioned 
above may express full-length TRKB that is 
not fully glycosylated. TRKA glycosylation 
modulates receptor activation and localization 
(Watson et al, 1999). Hence, abnormal 
glycosylation could lead to abnormal receptor 
activity and potentially affect TRKB signaling. 
Furthermore, we detected TRKB mRNA species 
with deletions in the N-terminus, possibly 
representing so far unknown splice variants. 
A TRKA splice variant with deletions in the 
N-terminus was identified in neuroblastoma 
cells, exhibiting ligand-independent signaling 
and transforming activity (Tacconelli et al, 
2004). Because of the structural similarity 
between TRK receptors, a similar truncation in 
TRKB could also be relevant for tumorigenesis. 
We have recently begun using RNAi to 
inactivate TRKB in those tumor cell lines that 
overexpress it. With this approach we aim 
to get clarity about which forms of TRKB are 
expressed. Furthermore, we will assess the 
viability, tumorigenicity and the metastatic 
capacity of these cells upon TRKB knockdown. 
If TRKB ablation negatively affects oncogenicity, 
this would boost the motivation to develop 
and test TRKB-inhibitory compounds for 
anticancer therapy. 

A versatile tool to study basic 
principles of metastasis

Besides revealing the mechanism underlying 
TRKB function and assessing the functional 
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Concluding remarks

Neurotrophins and their cognate receptors 
have long been recognized as crucial factors 
in the development and function of the 
nervous system (Bibel and Barde, 2000). In 
concert, they regulate fundamental processes 
such as cell survival, cell proliferation and 
differentiation, but have also more specific 
functions, for example in synapse formation 
and activation (Bibel and Barde, 2000). 
Certain neurons, like some motoneurons, 
have to extend their axons over long distances 
to reach their target. Hence, these cells must 
migrate and invade into “foreign” tissue. 
Survival of motoneurons eventually depends 
on their binding to the synaptic basal lamina, 
whereas failure to do so results in anoikis 
(Banks and Noakes, 2002). (Neuro)trophic 
factors could temporarily suppress the 
anoikis response until the proper connection 
has been established. As cancers frequently 
hijack and corrupt developmental processes 
and programs, one could imagine that this 
may also be the case for the neurotrophic 
response, for example in neuroblastoma. 
Consistent with this idea, TRKB overexpression 
has been proposed to mediate increased 
survival and cellular migration and invasion in 
neuroblastoma cells (Matsumoto et al, 1995; 
Jaboin et al, 2002; Ho et al, 2002). Importantly, 
neurotrophin and TRK function is not limited 
to the nervous system, but is also involved in, 
for example, vascular development (Donovan 
et al, 2000) and angiogenesis during wound 
healing (Kraemer and Hempstead, 2003). 
Therefore, tumors expressing BDNF could 
stimulate angiogenesis. If this occurs in the 
context of an autocrine loop, for example due 
to hypoxia-induced TRKB expression (Martens 
et al, 2007), tumor cells may be stimulated to 
undergo EMT and cell migration. As a working 
model, this would lead to dissemination 
from the primary tumor and invasion into 
the surrounding tissue, including vessels. As 
TRKB-expressing cells are resistant to anoikis, 
they could survive longer in these “unfamiliar” 
environments and are likely to be more 

and adhesion molecule involved in metastasis 
(Ponta et al, 2003). Interestingly, preliminary 
results indicate that hyaluronidase, an enzyme 
digesting the CD44 ligand hyaluronic acid, 
is able to dissolve RIE-1TRKB+BDNF aggregates. 
However, the effect on survival of the 
dispersed cells requires further studies. TRKB-
expressing RIE-1 cells not only aggregate in 
suspension culture but also show collective 
invasion in xenograft tumors (Douma et al, 
2004). Collective tumor cell invasion is a known 
phenomenon from the clinic (Friedl and Wolf, 
2003; chapter 1). The intercellular adhesion 
factors in vitro and in vivo may be conserved. 
Therefore, studying the molecules and 
mechanisms involved might give additional 
insight into this form of tumor progression.

Spheroidal aggregation is also a feature of 
certain stem cells, such as neural stem cells 
(Reynolds and Weiss, 1992) and mammary 
stem cells (Dontu et al, 2003). Could it be 
that TRKB induces stem cell-like properties? 
A recent publication showed that EMT in 
breast epithelial cells induces a stem cell-like 
phenotype (Mani et al, 2008). If this is true in 
a more general setting, EMT-inducing genes, 
and amongst them TRKB, could contribute to a 
dedifferentiated phenotype in certain tumors. 
Indeed, there are some hints that TRKB may 
have a role in stem cell biology. TRK receptors 
and BDNF are expressed in the subventricular 
zone in the brain of primates (Tonchev et al, 
2007), where, for example, adult neural stem 
cells reside. BDNF has been proposed to be 
a relevant factor of the perivascular neural 
stem cell niche in glioblastoma (Gilbertson 
and Rich, 2007). Moreover, TRK signaling 
regulates proliferation and differentiation of 
neural precursor cells (Bartkowska et al, 2007). 
Last but not least, BDNF, NTF3 and NTF4 were 
shown to greatly enhance the survival of 
human embryonic stem cells via TRK receptors 
and dependent on PI3K signaling (Pyle et al, 
2006).
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MF, Kawamura MJ, Wicha MS (2003) In vitro 
propagation and transcriptional profiling of human 
mammary stem/progenitor cells. Genes Dev 17 
1253-1270
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VanGarderen E., Peeper DS (2004) Suppression 
of anoikis and induction of metastasis by the 
neurotrophic receptor TrkB. Nature 430 1034-1039
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Reichardt LF (1996) Naturally occurring truncated 
trkB receptors have dominant inhibitory effects 
on brain-derived neurotrophic factor signaling. J 
Neurosci 16 3123-3129

Friedl P, Noble PB, Walton PA, Laird DW, Chauvin 
PJ, Tabah RJ, Black M, Zanker KS (1995) Migration 
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epithelial cancer explants in vitro. Cancer Res 55 
4557-4560

Friedl P and Wolf K (2003) Tumour-cell invasion and 
migration: diversity and escape mechanisms. Nat 
Rev Cancer 3 362-374

Futreal PA, Coin L, Marshall M, Down T, Hubbard 
T, Wooster R, Rahman N, Stratton MR (2004) A 
census of human cancer genes. Nat Rev Cancer 4 
177-183

successful in establishing secondary tumors. 
This last step would require a sufficient 
tumor-initiating potential of the disseminated 
cells, similar to that of cancer stem cells and 
possibly connected to EMT. From this model, it 
follows that pharmacologic interference with 
TRKB function could be a promising approach 
to impair tumorigenesis and metastasis at 
several stages. Apart from developing suitable 
TRKB inhibitors, it will be essential to learn 
more about the physiological and pathological 
functions of TRKB, and to identify the patient 
groups in which TRKB inhibition could be 
effective. 
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