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Thomas R. Geiger

Oncogenic and Metastati c 
Functi ons of the Neurotrophic 
Receptor TRKB

‘My object is not to establish that I was right but 
to fi nd out if I am. Abandon hope, I say, all ye who 
enter on observati on. They may be vapours, they 
may be spots, but before we assume that they 
are spots – which is what would suit us best – we 
should assume that they are fried fi sh. In fact we 
shall questi on everything all over again. And we 
shall go forward not in seven-league boots but 
at a snail’s pace. And what we discover today 
we shall wipe off  the slate tomorrow and only 
write it up again once we have again discovered 
it. And whatever we wish to fi nd we shall regard, 
once found, with parti cular mistrust. So we shall 
approach the observati on of the sun with an 
irrevocable determinati on to establish that the 
earth does not move. Only when we have failed, 
have been utt erly and hopelessly beaten and are 
licking our wounds in the profoundest depression, 
shall we start asking if we weren’t right aft er all, 
and the earth does go round. (…) But once every 
other hypothesis has crumbled in our hands then 
there will be no mercy for those who failed to 
research, and who go on talking all the same.’

From “Life of Galileo” by Bertolt Brecht, translated by John Willett , 
A&C Black Publishers Ltd, London, UK

Galileo Galilei about studying the rotati on of the sun:
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‘There is a theory which states that if ever anyone discovers exactly what the Universe is 
for and why it is here, it will instantly disappear and be replaced by something even more 

bizarre and inexplicable.’



From “The Hitchhiker’s Guide to the Galaxy” by Douglas Adams, 1992, Pan Macmillan, London, UK. 

‘There is another theory which states that this has already happened.’
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Scope of this thesis

Cancer is an (epi-)genetic disease, and 
vertebrates have been suffering from it for 
hundreds of millions of years. It can result 
from deregulated processes controlling cell 
proliferation, cell survival and differentiation, 
but also involves disruption of cell function 
and loss of proper spatial organization of cells. 
Furthermore, tumors alter the neighboring, non-
malignant tissue. In normal cells, these processes 
are tightly controlled during development and 
tissue homeostasis. If this control gets disrupted, 
for example by mutations in key regulatory genes, 
a tumor can arise. Research on cancer therefore 
not only reveals the molecular mechanisms 
underlying the disease, but gives also insight 
into organismal development and homeostasis 
(and vice versa). 

Hanahan and Weinberg published a landmark 
review in 2000, summarizing our understanding 
of the molecular and cellular mechanisms 
underlying cancer. They defined six hallmarks 
of cancer, representing essential alterations in 
cell physiology, which dictate malignant growth. 
These are: self-sufficiency in growth signals, 
insensitivity to growth-inhibitory signals, 
evasion of apoptosis, limitless replicative 
potential, sustained angiogenesis, and tissue 
invasion and metastasis. (Additional traits 
include changes in cell metabolism and the 
evasion of immune surveillance by tumor cells). 
According to this model, tumor cells have been 
enabled to gain the full set of these hallmarks 
through an acquired genomic instability, with 
Darwinian selection pressure favoring the 
expansion of those cell clones with a better 

“fitness” compared to their neighbors.

The last of the above-listed traits of cancer, tissue 
invasion and metastasis, is the least understood 
aspect so far, and the most problematic 
concerning cancer treatment. Metastasis is a 
very complex process that requires not only a 
plethora of capabilities, (newly) acquired from 

the tumor cells, but also extensive (and new) 
interactions of the tumor with the normal host 
tissue (summarized in chapter 1). In an attempt 
to identify novel metastasis-promoting genes, 
our laboratory had previously set up a functional 
genome-wide screen for suppressors of anoikis 
(detachment-induced apoptosis). The rationale 
behind this screen was that anoikis-suppressing 
genes would prolong the survival of tumor cells 
entering new environments during invasion, 
which eventually could facilitate metastasis. 
This approach led to the identification of the 
neurotrophic receptor TRKB/NTRK2 as a potent 
suppressor of anoikis and inducer of metastatic 
tumors (reviewed in chapter 2). 

As TRKB may have a dual function, that is, as 
a signaling kinase but also as a cell adhesion 
molecule, we assessed in chapter 3 which of 
these functions is required for its pro-oncogenic 
and metastatic effects. This study may help to 
better define the target structure or target 
function for a potential TRKB-based anticancer 
drug in the future. Further support for a role 
of TRKB as an oncogene came from large scale 
sequencing analyses in human malignancies. 
Two of these studies identified rare point 
mutations of TRKB in colon and lung carcinomas. 
However, the functional consequences 
of these mutations remained elusive. We 
have characterized their cancer-relevant 
functions, which are described in chapter 4. 
To further investigate the mechanism of how 
TRKB promotes metastasis, we searched for 
downstream effectors of TRKB that are critical 
for its anoikis-suppressive and prometastatic 
functions. Chapter 5 describes the role of 
two regulators of Epithelial-to-Mesenchymal 
Transition (EMT) for these functions of TRKB. 
Finally, chapter 6 summarizes all our findings 
and puts them into perspective of how they 
extend our molecular understanding of the role 
of TRKB in cancer and what this could mean for 
the treatment of cancer patients in the future.

Further reading:
Hanahan D and Weinberg RA (2000) The hallmarks of cancer. Cell 100:57-70
Vogelstein B and Kinzler KW (2004) Cancer genes and the pathways they control. Nature Medicine 10:789-799
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1Metastasis, the spread of tumor cells from a primary tumor to distant sites, currently 
poses the biggest problem to cancer treatment and is the main cause of death of cancer 
patients. Metastasis occurs in several discrete steps and requires the acquisition of a 
multitude of tumor cell properties. In addition, it involves extensive crosstalk of tumor 
cells with non-malignant cells, including those that reside within the tumor stroma. 

Division of Molecular Genetics, Netherlands Cancer Institute, Amsterdam, the Netherlands

Thomas R. Geiger and Daniel S. Peeper

Metastasis Mechanisms

The metastatic cascade

Starting from a primary, epithelial, neoplastic 
lesion, the steps of the metastatic cascade 
include: 1. breach of the basement membrane 
barrier; 2. dissemination of tumor cells from 
the bulk tumor by Epithelial-to-Mesenchymal 
Transition (EMT); 3. invasion of the neighboring 
tissue; 4. intravasation into pre-existing and 
newly formed blood and lymph vessels; 5. 
transport through vessels; 6. extravasation 
from vessels; 7. establishment of disseminated 
cells (which can stay dormant for a prolonged 
period of time) at a secondary anatomical 
site; 8. expansion to micrometastases and 
macrometastases/secondary tumors (for 
review see Gupta and Massague, 2006; Eccles 
and Welch, 2007). Recent insights, however, 
have suggested yet another step, to be 
added at the beginning of the cascade (and 
therefore designated as step “0” in Figure 1): 
the creation of a “premetastatic niche” at the 
target site, before the first tumor cells arrive 
at this distant location (see Figure 1 for an 
overview of the different steps of metastasis). 
Each step creates one or more physiological 
barriers to the spread of malignant cells. To 
successfully metastasize, tumor cells have to 
overcome all of those barriers (Chambers et 
al, 2002; Gatenby and Gillies, 2008). As cells 
outside their normal location usually are 
unable to survive and proliferate, this makes 
the completion of the metastatic cascade a 

very complex and highly inefficient process 
(Weiss, 1990). Below, the principles of 
metastasis are summarized, explaining at the 
molecular and cellular levels how tumor cells 
acquire the ability to complete each and every 
step of the metastatic cascade.

Tumor cell dissemination and epithelial-to-
mesenchymal transition 
Epithelial tissues, which represent the origins 
of most solid tumors, form relatively rigid 
sheets of cells. They are separated from the 
stroma by a basement membrane and are 
highly organized by lateral belts of cell-cell 
adhesion complexes. During the progression 
from a tumor in situ to an invasive carcinoma, 
epithelial tumor cells are released from 
their neighbors and breach the basement 
membrane barrier. The process underlying 
this phenomenon has often been suggested 
to involve EMT (for review see Thiery, 2002; 
Christofori, 2006). During EMT, initially 
polarized, epithelial cells acquire more flexible 
and migratory attributes, reminiscent to those 
of mesenchymal cells. This process originates 
from embryogenesis, during which certain 
cell lineages undergo a similar transition, for 
example during gastrulation or migration of 
neural crest cells (Thiery and Sleeman, 2006).
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et al, 1998; Derksen et al, 2006). Second, 
E-cadherin provides not only adhesion but 
also functions in intracellular signaling, for 
example, via β-catenin. β-catenin is part 
of the complex that links E-cadherin to the 
cytoskeleton. It is also a central player in 
canonical WNT signaling (Logan and Nusse, 
2004) and is prominently involved in many 
aspects of development. Furthermore, it 
plays a dominant role in colon cancer (Bienz 
and Clevers, 2000). Dissolving the E-cadherin 
complex might therefore release sequestered 
β-catenin from the membrane and influence 
the intracellular pools of β-catenin and 
ultimately WNT signaling (Gottardi et al, 
2001; Cavallaro and Christofori, 2004; Onder 
et al, 2008). Another signaling component 
of the E-cadherin complex is δ-catenin 
(p120CTN). Release of δ-catenin affects the 
activity of small GTPases (Noren et al, 2000), 
corresponding to regulators of cell migration 
and adhesion implicated in metastasis (Sahai 
and Marshall, 2002). Moreover, E-cadherin 
activity can directly modulate RTK signaling 
(Cavallaro and Christofori, 2004), for instance 
by stimulating (Pece and Gutkind, 2000) 
or repressing (Takahashi and Suzuki, 1996) 
the activity of the epidermal growth factor 
receptor (EGFR). Third, the induction of 
mesenchymal proteins during EMT also 
promotes invasive and metastatic processes: 
overexpression of N-cadherin, for example, 
induces cell migration, invasion and metastasis 
(Nieman et al, 1999; Hazan et al, 2000). Lastly, 
members of the snail and twist family of EMT 
mediators also inhibit apoptosis (Maestro et 
al, 1999; Valsesia-Wittmann et al, 2004; Vega 
et al, 2004; Wu et al, 2005), thereby affecting 
both tumor growth and tumor spreading. In 
addition, twist can block cellular differentiation 
(Hebrok et al, 1994; Lee et al, 1999; Howe et al, 
2003). The putative connection between EMT, 
metastasis and stem cells will be discussed 
below.

Cells that have undergone EMT commonly 
secrete protein-degrading enzymes like 
matrix metalloproteinases (MMPs) (Jechlinger 

EMT is characterized by loss of cell polarity and 
downregulation of epithelial proteins, most 
prominently E-cadherin, but also occludin, 
claudins, or catenin proteins (Jechlinger et 
al, 2003; Christofori, 2006). Most of these 
participate in regulating cell-cell adhesion. 
Additionally, the cells often acquire a spindle-
shaped morphology, enhance cell migration 
and induce mesenchymal proteins like 
N-cadherin, vimentin, tenascin C, laminin β1 
or collagen type VI α (Jechlinger et al, 2003; 
Christofori, 2006). In vitro, EMT can be 
induced by an oncogenic RAS allele or by 
prolonged activation of a number of Receptor 
Tyrosine Kinases (RTKs), usually in the context 
of transforming growth factor β (TGFB) 
(Huber et al, 2005). The stimuli inducing EMT 
are transduced via WNT, NOTCH, hedgehog, 
MAP-kinase (MAPK) and PI3-kinase (PI3K) 
signaling pathways. Many of these play 
prominent roles in development and stem cell 
self renewal (see below), (Pardal et al, 2003; 
Huber et al, 2005). Eventually, transcription 
factors of the snail family (SNAI1/snail, 
SNAI2/slug) and ZEB family (ZEB1, ZEB2), as 
well as twist and E12/E47, control the EMT 
transcriptome program (Batlle et al, 2000; 
Cano et al, 2000; Comijn et al, 2001; Yang et 
al, 2004; Huber et al, 2005; Eger et al, 2005). 
EMT is likely to contain several intermediate 
steps, including “cell scattering” (Grunert et al, 
2003). Furthermore, differences in stimuli and 
cell systems lead to variations in the extent 
of regulation of the various epithelium- and 
mesenchyme-specific proteins involved, as 
well as in the reversibility of these changes. 
Because of this variability and the fact that 
the EMT markers described in vitro await 
consistent confirmation in histological studies 
of human tumors, the role of EMT in tumor 
progression is still incompletely understood 
(Tarin et al, 2005; Thompson et al, 2005; Yang 
and Weinberg, 2008a). 

EMT can promote metastasis in several ways. 
First, the loss of cell-cell adhesion allows 
for tumor invasion, as has been shown in 
E-cadherin knockout mouse models (Perl 
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Anoikis 
As soon as tumor cells lose contact with the 
basement membrane they hit another barrier 
against metastasis: anoikis (cell death induced 
by inappropriate or loss of cell adhesion). 
Meredith and Frisch were the fi rst to show 
that normal endothelial and epithelial cells 
acti vely trigger an apoptoti c response once 
they lose their cell-cell and cell-matrix 
interacti ons (Meredith et al, 1993; Frisch 
and Francis, 1994). This process is thought 
to ensure ti ssue homeostasis, for example, 
in the colon epithelium, where epithelial 
cells undergo apoptosis once they have 
reached the top of the villus (Hall et al, 1994), 
or during post-lactati on mammary gland 
involuti on (Boudreau et al, 1995). Analogous 
to its roles in development and homeostasis, 
anoikis could hamper metastasis by inducing 
apoptosis when tumor cells enter “foreign” 
environments. Conceivably, this occurs at 
several stages of the metastati c cascade, for 

et al, 2003). Consistently, MMPs are oft en 
overexpressed in tumors and their stroma 
(for review see Egeblad and Werb, 2002). 
These molecules help tumor cells to degrade 
basement membranes, thereby facilitati ng 
local invasion (Liott a et al, 1980). Additi onally, 
ExtraCellular Matrix (ECM) degradati on not 
only creates physical space for tumor cell 
invasion, but also releases and processes 
growth factors sequestered by the ECM. 
Cleavage of ECM components like laminin 5 
can expose crypti c sites within these 
molecules that sti mulate cell migrati on 
(Giannelli et al, 1997). MMPs are acti vated 
by the urokinase plasminogen acti vator 
(uPA) system. Elevated levels of the uPA 
serine proteinase are a strong predictor of 
poor prognosis in breast cancer, presumably 
because they promote cell migrati on and 
invasion in vitro and metastasis in vivo (for 
review see Andreasen et al, 1997; Croucher et 
al, 2008).

Figure 1:  The metastatic cascade 
(0) Being induced by a distant tumor and mediated by bone marrow-derived cells, a "premetastati c niche" 
forms before metastasis becomes evident. (1) Cells in the primary tumor undergo Epithelial-to-Mesenchymal 
Transiti on (EMT) and acquire invasive properti es. (2) Degradati on of basement membranes and remodeling of 
the ExtraCellular Matrix (ECM) by proteinases facilitate tumor cell invasion. (3) Tumor cells invade surrounding 
ti ssue as single cells (3a) or collecti vely (3b). (4) Intravasati on of tumor cells into newly formed vessels within or 
nearby the tumor. (5) Tumor cells are transported through the vasculature and arrest in a capillary bed where 
they extravasate (6). (7) Extravasated tumor cells can stay dormant for years. (8) Eventually, some disseminated 
cells grow out to a secondary tumor / macrometastasis, requiring ongoing ECM remodeling and angiogenesis (9). 
Cells outside their normal microenvironment undergo anoikis ("detachment-induced apoptosis"). Anoikis could 
hamper metastasis at several steps of the cascade, as indicated in the scheme. 
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Besides suppressing anoikis by altering cell 
adhesion signaling, interference with the 
apoptotic machinery also induces anoikis 
suppression and facilitates metastasis: using 
a chick chorioallantoic membrane model, 
the group of D. Cheresh showed that loss 
of caspase 8 in neuroblastoma cells impairs 
apoptosis in response to unligated integrins 
and increases the metastatic potential of 
these cells (Stupack et al, 2006).

Invasion
To invade tissues and vessels, cells must first 
acquire the ability to migrate. Extensive 
studies have been carried out on cells moving 
on 2D or within 3D matrices (reviewed by 
Lauffenburger and Horwitz, 1996; Friedl and 
Wolf, 2003). Advanced intravital microscopy 
technologies nowadays even allow for studying 
tumor cell invasion in vivo (Condeelis and 
Segall, 2003). Briefly, cell migration starts with 
the extension of cell membrane protrusions, 
which is driven by a continuous cycle of actin 
polymerization and depolymerization. After 
adhesion to the ECM via FAK-containing 
complexes and actin-myosin 2 -mediated 
cell contraction, release of adhesion at the 
trailing edge leads to cell locomotion. These 
processes are largely controlled by RHO family 
GTPases (Pollard and Borisy, 2003; Wang et 
al, 2007). In this process, the cofilin pathway 
acts as the “steering wheel of the cell” by 
coordinating membrane protrusion (Ghosh et 
al, 2004). In three dimensional ECM matrices, 
proteases are recruited to integrins and to 
other adhesion receptors on the cell surface 
at the leading edge, where they remodel and/
or degrade the ECM to facilitate invasion 
(Friedl and Wolf, 2003).

Invasive tumor cells can migrate either as 
single cells or collectively in the form of files, 
clusters or sheets. Single cell migration can 
occur as slow, “mesenchymal” migration, 
which requires strong adhesion to the ECM. 
Alternatively, cells can migrate as “amoeboids”, 
which is faster, requires less strong adhesion 

example, during tissue invasion, transport 
through blood and lymph vessels and after 
extravasation at distant anatomical sites 
(Liotta and Kohn, 2001; Liotta and Kohn, 2004; 
Figure 1). Anoikis suppression, therefore, is 
likely to be a prerequisite for tumor cells to 
successfully metastasize to distant sites (Zhu 
et al, 2001). 

The main cell surface receptors to “sense” 
adhesion to the ECM and therefore to 
provide a cell with information about its 
surroundings, are the integrins (for review 
see Guo and Giancotti, 2004). Integrins form 
heterodimers, comprising a variety of α- and 
β-chains. Different integrin complexes bind 
to diverse ECM molecules and respond by 
triggering an intracellular signaling cascade 
via focal adhesion kinase (FAK) and SRC family 
kinases. Furthermore, there is extensive 
crosstalk and signal integration between 
integrin and RTK signaling (Hood and Cheresh, 
2002). Therefore, it is not surprising that 
anoikis and integrin signaling are tightly linked 
(Frisch and Ruoslahti, 1997). Cell attachment 
to fibronectin (a primary ligand for several 
integrins) or to β1-integrin-binding antibodies 
protects cells against anoikis (Meredith et al, 
1993). Furthermore, the kinases SRC (Frisch 
and Francis, 1994), FAK (Frisch et al, 1996) and 
integrin linked kinase (ILK) (Radeva et al, 1997; 
Attwell et al, 2000), which act downstream of 
integrins, suppress anoikis. Tumor cells often 
alter the repertoire and activity of integrin 
receptors to stimulate proliferation, survival 
and migration (Guo and Giancotti, 2004; 
Janes and Watt, 2006). Similar effects can be 
achieved by the activation of FAK (McLean et 
al, 2005). Interestingly, integrin activation may 
also induce EMT, either by downregulating 
E-cadherin through endocytosis (Fujita et al, 
2002; Avizienyte et al, 2002), or via activation 
of ILK/FAK and the subsequent induction 
of snail (Tan et al, 2001). On the other hand, 
N-cadherin protects melanoma cells from 
anoikis (Li et al, 2001; Grossmann, 2002). 
These and other examples illustrate potential 
links between EMT and anoikis suppression.
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their properties and requirements. For 
example, the Friedl group showed that upon 
blocking protease function, cells can switch 
from mesenchymal to amoeboid migration 
in vitro and in vivo. This switch made the 
cells independent of proteases and enabled 
them to continue to invade in the presence 
of protease inhibitors (Wolf et al, 2003). Such 
compensatory mechanisms could explain 
some of the failures of anticancer therapies 
aimed at interfering with tumor cell invasion 
(Coussens et al, 2002a).

Angiogenesis
Generally, tumor cell invasion alone is not 
sufficient to produce distant metastases; 
it requires also the transport of malignant 
cells through blood and/or lymph vessels. 
Pioneering work by J. Folkman and his 
collaborators showed that avascular tumors 
cannot grow beyond a size of ~1 mm in 
diameter (Gimbrone et al, 1972). At this 
stage, passive diffusion of nutrients and 
oxygen becomes rate limiting for the tumor 
nodule, which is then forced to enter a state 
of so-called “tumor dormancy”. To ensure 
blood supply, tumors can grow along and 
co-opt pre-existing blood vessels, as is seen 
in early stage gliomas (Holash et al, 1999). 
However, in most cases tumor vascularization 
is achieved by sustained (hem)angiogenesis 
(sprouting of new vessels from existing 
ones), with a significant contribution of bone 
marrow-derived vascular and hematopoietic 
progenitor cells (Rafii et al, 2002). Indeed, 
tumor angiogenesis is one of the hallmarks of 
cancer (Hanahan and Weinberg, 2000). 

In healthy adults, angiogenesis is rare and 
occurs mainly during wound healing and the 
female reproductive cycle. Normally, the 
growth of new vessels is tightly held in check 
by a delicate balance of angiogenic activators, 
most prominently vascular endothelial 
growth factor A (VEGFA), fibroblast growth 
factors (FGFs), platelet-derived growth 
factor (PDGF), epidermal growth factor 

and no proteolytic ECM remodeling (Friedl 
and Wolf, 2003; Sahai and Marshall, 2003). 
Condeelis and his group performed intravital 
imaging studies in rats and observed rapid, 
amoeboid movement of tumor cells along 
collagen fibers of the ECM (Wang et al, 2002). 
The main difference between metastatic and 
non-metastatic cells in that setting was not so 
much the migration capacity per se, but rather 
the directionality of migration. Whereas non-
metastatic mammary tumor cells moved 
more randomly and appeared generally 
unpolarized, metastatic breast cancer cells 
had become polarized towards blood vessels 
and migrated more directionally (Wyckoff et 
al, 2000; Condeelis and Segall, 2003; Sahai, 
2007; see below). 

Collective invasion of tumor cells has been 
observed also in tumors with incomplete or no 
EMT. Cadherins and other cell-cell adhesion 
proteins like connexins and certain integrins 
provide intercellular adhesion within migrating 
cell sheets or clusters (Liotta et al, 1976; Bates 
et al, 2000; Friedl and Wolf, 2003). Podoplanin, 
a small transmembrane glycoprotein, can 
mediate collective tumor cell migration in 
the absence of EMT by reorganizing the 
actin cytoskeleton via RHOA/ROCK and ezrin 
(Wicki et al, 2006). An advantage of collective 
invasion of tumor cells could be that cell 
clones with different properties (for example, 
survival, migration, protease secretion) could 
collaborate and support each other in order 
to successfully metastasize. As such, a cluster 
of metastasizing tumor cells appears to act 
as an independent and well-organized entity 
(Friedl and Wolf, 2003).

Many more adhesion and signaling molecules, 
including those of the immunoglobulin-
domain cell adhesion molecules (IgCAMs) and 
CD44s have been implicated in cell migration 
and tumor invasion (for review see Ponta et 
al, 2003; Cavallaro and Christofori, 2004). 
Also, it has become clear that invasion is 
a plastic process and that tumor cells can 
adapt to different conditions by switching 



18

1

or PTEN). HIF1A regulates numerous target 
genes including many involved in angiogenesis 
(for example VEGF), cell proliferation and 
glucose metabolism (for review see Semenza, 
2003). HIF1A can promote cell migration 
and invasion in several ways. First, HIF1A-
mediated upregulation of the chemokine 
receptor CXCR4 induces chemotaxis in 
Renal Cell Carcinoma (RCC) cells, while high 
CXCR4 levels in RCC patients correlate with 
poor prognosis (Staller et al, 2003). Second, 
HIF1A mediates EMT by upregulating lysyl 
oxidase (LOX) during hypoxia (Higgins et al, 
2007). LOX thereby promotes cell migration 
via β1-integrin and FAK. Furthermore, many 
EMT mediators are induced by hypoxia and 
HIF1A: twist in Head and Neck Squamous Cell 
Carcinoma (HNSCC) (Yang et al, 2008b), snail 
in ovarian cancer (Imai et al, 2003) and in RCC 
(Evans et al, 2007) and ZEB1 and ZEB2 also in 
RCC (Krishnamachary et al, 2006; Evans et al, 
2007). Elevated HIF1A levels in combination 
with twist and snail overexpression predict the 
likelihood of metastasis and shorter survival 
in HNSCC (Yang et al, 2008b), while increased 
LOX levels correlate with poor survival in 
breast cancer (Erler et al, 2006).

Tumor cells spread also via the lymphatic 
vasculature (reviewed by Stacker et al, 2002; 
Cao, 2005). The presence of tumor cells in 
regional lymph nodes draining the primary 
tumor site can precede distant metastasis 
to visceral organs (Cao, 2005). In the clinic, 
this is often used for prognostic purposes, 
for example in head and neck and breast 
cancer patients (Pantel and Brakenhoff, 
2004). Most of the principles underlying 
tumor hemangiogenesis are conserved in 
lymphangiogenesis. For example, VEGF 
family members (VEGFC and VEGFD) 
induce lymphangiogenesis and lymph node 
metastasis via VEGF receptor 3 (VEGFR3) 
(Mandriota et al, 2001; Kopfstein et al, 2007). 
VEGFC is not induced by hypoxia (Enholm 
et al, 1997) but rather by pro-inflammatory 
cytokines (Ristimaki et al, 1998). An open 
question remaining is why tumors attract 

(EGF), and angiogenic inhibitors, including 
thrombospondin 1, angiostatin, endostatin 
and tumstatin (Bergers and Benjamin, 2003; 
Kalluri, 2003). During the “angiogenic switch”, 
upon which a tumor activates vascularization 
and grows beyond its diffusion limit, this 
balance is tipped over to the pro-angiogenic 
side (Hanahan and Folkman, 1996). This is 
achieved through several tumor cell-intrinsic 
factors, but also stromal cells contribute 
(see below). Once again, proteases play a 
crucial role, for example in the release of pro-
angiogenic factors from the ECM and in the 
activation of angiogenic inhibitors (Bergers 
and Benjamin, 2003; Kalluri, 2003; Overall 
and Kleifeld, 2006). The angiogenic switch 
can occur already at premalignant stages of 
tumorigenesis, as is seen in several cancer 
mouse models and in human breast and 
cervical cancer (Hanahan and Folkman, 1996).

Beautiful imaging studies from McDonald and 
co-workers showed that the tumor vasculature 
is highly abnormal, compared to normal blood 
vessels (for review see McDonald and Choyke, 
2003). The normal vascular hierarchy of 
arterioles-capillaries-venules is changed into 
an irregular and chaotic organization, leading 
to an abnormal blood flow that changes 
directions or even stops locally. In combination 
with increased leakiness of tumor vessels, this 
leads to a high interstitial (tissue) pressure in 
solid tumors and to an inefficient supply of 
nutrients and oxygen. 

The hypoxic conditions in a tumor before 
the angiogenic switch, but also after 
vascularization, not only promote sustained 
angiogenesis but can also induce invasion 
and metastasis. In this process, the hypoxia-
inducible factor 1α (HIF1A) plays a central role 
(for review see Harris, 2002). HIF1A is induced 
by PI3K/mTOR (=FRAP1) and by MAPK signaling. 
It is targeted for degradation by the tumor 
suppressor VHL, an E3 ubiquitin ligase. HIF1A 
can be induced by hypoxia or, in tumors, also 
by genetic alterations in oncogenes (like RAS 
or PI3K) and tumor suppressor genes (like VHL 
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2001). Finally, tumor cells lining blood vessels 
and replacing endothelia cells in “mosaic 
vessels” or “vascular mimicry” might provide 
another entry site for intravasation (Chang et 
al, 2000).

Studies in renal cancer patients and in tumor-
transplanted rats came to the conclusion 
that tumors may shed millions of cells into 
the circulation every day (Butler and Gullino, 
1975; Glaves et al, 1988). From this, it appears 
that intravasation is not a rate-limiting 
step in metastasis. However, the Condeelis 
group showed a direct correlation between 
the number of intravasated cells and the 
number of lung metastases in an orthotopic 
breast tumor rat model, suggesting that 
intravasation does represent a critical step of 
the metastatic cascade (Wyckoff et al, 2000). 
The same study showed that non-metastatic 
breast tumor cells were fragmented and 
destroyed upon entering blood vessels. Sheer 
forces resulting from the blood flow and 
lack of cellular adhesion resulting in anoikis 
likely eliminate disseminated tumor cells 
and hamper metastasis. In line with this 
idea is the observation that the number of 
circulating tumor cells in peripheral blood 
can be a prognostic factor in breast cancer 
(Stathopoulou et al, 2002; Cristofanilli et 
al, 2004). The same has been shown for the 
presence of disseminated tumor cells in the 
bone marrow (Pantel et al, 2008). The bone 
marrow could thereby provide a transient 

“hiding place” for tumor cells, for example in 
colorectal cancer, for which tumor cells in the 
bone marrow are predictive for the outgrowth 
of metastases. However, metastases from 
colorectal cancer rarely form in bone and 
bone marrow itself (Lindemann et al, 1992). 
Alternatively, tumor cells in the bone marrow 
could simply reflect a generally increased 
dissemination to various sites in a random 
fashion. It should be noted that several 
studies also failed to show prognostic value 
of disseminated or circulating tumor cells and 
that the relevance of detecting these cells is 
much debated (Funke and Schraut, 1998; Zach 

lymph vessels in the first place, as, in contrast 
to blood vessels, they do not provide 
nutrients or oxygen and thus, do not seem 
to give a direct selective advantage to the 
tumor. One possible explanation is that lymph 
vessels might lower the interstitial pressure 
in tumors. However, many intratumor lymph 
vessels seem to be non-functional (Padera et 
al, 2002). Another possible explanation is that 
lymphangiogenesis represents merely a side 
effect, in that endothelial blood vessel cells 
release growth factors like FGF2 and PDGF, 
which not only stimulate tumor cells but also 
promote lymphangiogenesis (Cao, 2005). 

Intravasation – transport through vessels - 
extravasation
Imaging studies in living animals have recently 
produced detailed insight into the process of 
how tumor cells enter vessels (intravasation). 
As mentioned above, intravasation starts with 
tumor cells orientating themselves towards 
vessels, followed by directional cell migration 
(Wyckoff et al, 2000; Li et al, 2000; Sahai, 
2007). During the past years, the Condeelis 
and Pollard laboratories established that 
Tumor-Associated Macrophages (TAMs) play 
a crucial role in this process. In xenograft 
and transgenic breast cancer models, 
macrophages were shown to “guide” tumor 
cells to blood vessels and sites of intravasation. 
This involved a paracrine signaling loop 
relying on the CSF1 receptor (expressed 
on macrophages) and EGFR (expressed on 
tumor cells) (Lin et al, 2001; Wyckoff et al, 
2004; Wyckoff et al, 2007). As vessels usually 
are surrounded by a basement membrane, 
proteases are required for tumor cells to 
enter the vasculature (Kim et al, 1998). High-
resolution electron microscopy showed that 
tumor cells protrude membrane extensions 
through gaps in the endothelial wall of 
lymph vessels (Carr et al, 1980). Furthermore, 
clusters of tumor cells may enter into “leaky” 
lymph vessels passively, as has been observed 
in Ncam knockout / Rip1-Tag2 mouse models 
of pancreatic β-cell tumors (Cavallaro et al, 
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random pattern, but certain cancers have a 
strong preference to spread to specific organs, 
whereas other cancers spread to different 
sites. Second, the outgrowth from (single) 
disseminated cells to micrometastases 
and eventually macrometastases appears 
to correspond to the most inefficient, and 
therefore rate-limiting, step of the entire 
metastatic cascade.

Already in 1889, the English surgeon 
Stephen Paget showed that breast cancer 
preferentially spreads to the liver, but not the 
spleen. Also bones form a target of breast 
cancer metastasis, with some much more 
frequently colonized than others. Stomach 
cancer, on the other hand, rarely metastasizes 
to bones. These observations have led to the 
formulation of the “seed and soil hypothesis” 
(Fuchs, 1882; Paget, 1889), which states 
that the choice of the site for a secondary 
tumor is made not only by the tumor cell 
(the “seed”), but is largely influenced also 
by the nature of the target organ (the “soil”). 
Therefore, a secondary tumor is established 
only if the seed can grow in the soil, that 
is, if the microenvironment of the target 
site is compatible with the properties and 
requirements of the disseminated tumor 
cell. Whereas this hypothesis was challenged 
for a long time (reviewed by Fidler, 2003b), 
it is now widely accepted that the anatomic 
architecture of the blood flow is not sufficient 
to fully describe the patterns of metastatic 
tumor spread. 

One striking example for the requirement 
of a compatible soil for secondary tumor 
outgrowth comes from cancer patients 
with a palliative peritoneovenous shunt. 
These patients, suffering from untreatable 
abdominal cancer, had a shunt implanted 
connecting the peritoneal cavity with the 
jugular vein, to alleviate abdominal pain 
from ascitic fluid. As a consequence, large 
numbers of tumor cells were infused directly 
into the circulation. Nonetheless, autopsy 
in fifteen cases (several months after shunt 

and Lutz, 2006; Paterlini-Brechot and Benali, 
2007). 

One important question arising from these 
observations is how long tumor cells actually 
circulate in the vasculature. Some studies 
suggest that they are trapped in the first or 
second capillary bed that they encounter, due 
to their large size relative to the diameter 
of capillaries (Chambers et al, 2002). Other 
studies claim that a large fraction of cells 
injected into the vasculature gets rapidly lost 
due to cell death (Fidler, 1970). In any case, it is 
undisputed that only a very small proportion 
of tumor cells entering the vasculature will 
eventually form a full-blown metastasis (see 
below).

The mechanisms underlying tumor cell 
extravasation from vessels into organs are 
likely to be similar to those contributing to 
invasion and intravasation. Extravasation 
depends on integrins (Felding-Habermann 
et al, 2001; Wang et al, 2004) and ezrin, 
possibly suppressing anoikis (Khanna et al, 
2004). Exposure of breast tumor cells to TGFB 
transiently induces angiopoietin-like 4. This 
multifunctional protein disrupts the integrity 
of blood vessel endothelium, thereby 
facilitating extravasation of breast tumor cells 
into the lung parenchyma (Padua et al, 2008). 
The interaction of tumor cells with platelets, 
too, is important for extravasation (Felding-
Habermann et al, 2001; Im et al, 2004) and 
anticoagulation agents can impair metastasis 
(Nash et al, 2002). One could imagine that 
formation of tumor cell aggregates, facilitated 
by platelets, protects also against anoikis and 
sheer stress inside the vasculature. 

Outgrowth of secondary tumors - the 
“seed and soil hypothesis” and the 
“premetastatic niche”
Two important observations concerning the 
outgrowth of disseminated tumor cells to 
macrometastases have been made early 
on: first, metastasis manifests itself not in a 



Metastasis Mechanisms

21

1

sites and co-localize with the bone marrow-
derived cell clusters, possibly attracted by 
CXCL12 that is produced by the premetastatic 
niche (Kaplan et al, 2005). Intriguingly, the 
bone marrow-derived cells accumulate in 
different organs, depending on the type of 
primary tumor and on the soluble factors it 
secretes. Similar to these findings, endothelial 
cells and macrophages in the lungs of mice 
bearing subcutaneous tumors secrete the 
chemokines S100A8 and S100A9, which serve 
to attract tumor cells to the lungs (Hiratsuka 
et al, 2002; Hiratsuka et al, 2006). Fourth, 
gene expression analysis of breast cancer cells 
selected for increased metastasis to either 
bone (Kang et al, 2003) or lungs (Minn et al, 
2005) identified several genes functionally 
involved in tissue-specific metastasis. These 
include homing factors (CXCR4), proteolytic 
(MMP1), osteoclastogenic (IL11) as well 
as angiogenic (FGF5, CTGF) factors in cells 
metastasizing to bone. On the other hand, 
lung metastasizing cells express EGF-family 
members (EREG), COX2, MMP2, chemokines 
(CXCL1) and adhesion molecules (SPARC, 
VCAM1). Overexpression of combinations of 
these genes enhances the potential of tumor 
cells to metastasize to the respective tissues. 
Translating these observations to a preclinical 
setting, (simultaneous) targeting of some of 
these genes can impair metastasis (Gupta et 
al, 2007).

Secondary tumors are thought to arise from 
the outgrowth of usually a single disseminated 
cell, even if the cells have invaded collectively 
(Talmadge et al, 1982). As described above, this 
step is considered to be the most inefficient 
in the metastatic cascade, either because 
of tumor cell death or tumor cell dormancy 
(Aguirre-Ghiso, 2007). Several studies have 
shown that tumor cells injected into the tail 
vein of mice are rapidly trapped in the lungs. 
However, most of these cells are subsequently 
cleared from the lungs (Fidler, 1970) because 
of apoptosis (Wong et al, 2001), once more 
supporting the role of anoikis as a metastasis-
suppressive mechanism. Consistent with this 

implantation) revealed that only few patients 
had new metastases, which, if they did arise, 
remained generally small (Tarin et al, 1984). 
Although the lungs would have been expected 
to act as the primary site for metastasis 
(owing to the anatomy of the blood flow), the 
secondary tumors generally failed to expand 
in this location, underscoring the concept of 
the seed and soil hypothesis. 

There are several, mutually non-exclusive, 
molecular explanations for the seed and soil 
hypothesis. First, the endothelia of vessels in 
different tissues express different adhesion 
molecules. Elegant in-vivo phage display 
studies suggest that every vascular bed may 
have its own specific molecular “address” 
(Ruoslahti and Rajotte, 2000). Tumor cells 
expressing the corresponding receptor can 
use this system to home to specific tissues. 
This was shown for metadherin, a tumor cell 
surface protein that adheres specifically 
to lung vessels (Brown and Ruoslahti, 2004). 
Second, chemotactic molecules present 
in the target tissues may attract tumor 
cells expressing the corresponding specific 
receptors. For example, breast tumors and 
tumor cell lines derived thereof express the 
chemokine receptor CXCR4. Its primary ligand, 
CXCL12, is expressed in organs known to home 
breast cancer metastases, including lung, liver, 
lymph nodes and bone marrow. Consistent 
with this hypothesis, CXCR4 stimulation 
induces chemotaxis in breast cancer cells in 
vitro, and blockade of CXCR4 function impairs 
lung metastasis in SCID mouse xenograft 
experiments (Muller et al, 2001). Alternatively, 
CXCR4 activation could also promote the 
outgrowth of metastases in specific tissues, 
rather than invasion (Zeelenberg et al, 2003). 
Third, the concept of a “premetastatic niche” 
was recently launched. Researchers from the 
group of D. Lyden showed that bone marrow-
derived progenitor cells are mobilized owing to 
the presence of a distant, intradermal tumor. 
As a consequence, bone marrow-derived 
cells accumulate as cell clusters in the lungs. 
At a later stage, tumor cells arrive at these 
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Metastatic potential – where, how, 
why? 

If metastases are clonal indeed and grow out 
from a single cell (Talmadge et al, 1982), how 
can one cell acquire the ability to complete all 
steps of the metastatic cascade? Conceivably, 
the basic principle for metastasis is the same 
as for the formation of a primary tumor: tumor 
cell-intrinsic genetic instability facilitates 
the creation of a variety of cellular clones, 
which are challenged by Darwinian selection 
processes. This leads to the expansion 
and domination of the “fittest” tumor cell 
population, which can overcome all necessary 
barriers (Nowell, 1976; Gupta and Massague, 
2006; Talmadge, 2007). However, this cannot 
be extrapolated fully to metastasis, as there 
are several theoretical and experimental 
objections against such a model. First, and 
as will be explained below, it seems that the 
propensity to metastasize is present in the 
bulk of the primary tumor and not only in a 
subpopulation of rare clones. Second, it is 
not obvious where in a primary tumor the 
selection pressure for metastasis comes from, 
unless the pro-invasive mutations would 
simultaneously confer a proliferative or other 
selective advantage (Scheel et al, 2007).

Seminal experiments performed in the 1970’s 
and 80’s suggested that rare clones within 
a tumor cell population display a higher 
metastatic potential than the bulk of the 
tumor (Fidler, 1973; Talmadge et al, 1982). 
This was based on the observation that upon 
injection of tumor cells into nude mice, only a 
few metastatic clones grow out in the lungs. 
The cells isolated from these metastases 
subsequently displayed an increased success 
rate to metastasize upon repeated injection, 
compared to the original cells. Also when the 
primary tumor cell population was split into 
subclones prior to injection, some of these 
clones showed a higher metastatic potential 
than others (Fidler and Kripke, 1977). 

However, and seemingly counterintuitive to 

concept, overexpression of the anti-apoptotic 
protein BCL2 increases lung metastasis after 
intravenous injection of tumor cells (Takaoka 
et al, 1997; Wong et al, 2001). 

Other studies have shown that extravasated 
single tumor cells can reside within tissues in 
a state of dormancy for a prolonged period of 
time (Morris et al, 1997; Luzzi et al, 1998). These 
cells remain viable and resume proliferation 
in vitro and form tumors upon transplantation 
(Naumov et al, 2002). Also in highly metastatic 
cells, the majority remains dormant, with only 
a very small proportion (~0.006%) giving rise 
to a large tumor burden (Naumov et al, 2002). 
J. Folkman and co-workers showed that the 
size of micrometastases can remain small, 
due to a balance between slow proliferation 
and low rates of apoptosis (Holmgren et al, 
1995). Interestingly, in this xenograft model of 
subcutaneously growing Lewis lung carcinoma, 
angiogenesis is held in check by secretion of 
the angiogenic inhibitor angiostatin by the 
primary tumor. When the primary tumor was 
surgically removed, the metastatic lesions 
rapidly grew out to form macrometastases 
(O’Reilly et al, 1994; Holmgren et al, 1995).

A class of about a dozen “metastasis 
suppressor genes” has been identified 
(for review see Berger et al, 2005). When 
overexpressed, metastasis suppressor 
genes impair metastasis without affecting 
primary tumor growth. Several of these 
genes restrict the outgrowth of disseminated 
cells in secondary sites and act on MAPK 
(ERK, JNK, p38) or on RHO signaling (Steeg, 
2003). The microRNA miR-335 also behaves 
like a metastasis suppressor gene by 
downregulating SOX4 and tenascin C, thereby 
impairing cell migration and invasion (Tavazoie 
et al, 2008).
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of the genes, although the gene classes were 
relatively better preserved (Huang et al, 2003; 
Wang et al, 2005).

One possibility to reconcile these seemingly 
contradicting findings could be to assume 
that a primary tumor can be metastasis-prone 
by harboring a large proportion of motile, 
invasive cells, by sustaining angiogenesis, and 
by being surrounded by an “activated tumor 
stroma” (see below). These properties would 
be reflected in its overall gene-expression 
profile. The individual cell eventually growing 
out to form a macrometastasis however, 
could still be a rare clone that, for example, 
must express a receptor enabling its survival 
and outgrowth at a distant anatomical site (or 
it might be a rare cancer stem cell, see below). 
In such a model, the signature in the bulk 
tumor would predict the likelihood of distant 
metastasis, as the number of cells released 
from the tumor was shown to be proportional 
to the number of metastases (Wyckoff et al, 
2000). However, a metastasis signature does 
not prove that the majority of cells in the 
primary tumor are able to complete all steps 
of the metastatic cascade. 

Consistent with this idea of merging the clonal 
selection hypothesis with the prognostic gene 
signatures are the findings of the Massague 
group. They identified two gene expression 
signatures that predicted organ-specific 
metastasis to either bones (Kang et al, 2003) 
or lungs (Minn et al, 2005), which were 
encoded by a metastatic breast cancer cell 
line. Several genes within these signatures 
were functionally involved in organ-specific 
targeting of the cells but they showed 
little overlap with the signatures described 
above. However, the 70–gene expression 
signature was present in the parental cell line, 
suggesting that within a large population of 
metastatic cells, subpopulations may exist that 
metastasize to specific organs (Nguyen and 
Massague, 2007). Another example showed 
differences in gene expression profiles for 
breast cancer cells that disseminate either 

this, recent studies showed that the gene 
expression profile within a primary tumor can 
predict the likelihood of metastatic spread. 
For example, the Golub group identified 
17 genes that were differentially regulated 
in adenocarcinoma-derived metastases, 
compared to a collection of unmatched 
primary adenocarcinomas. This “17-gene 
expression signature” was found also in a 
subset of primary adenocarcinomas and 
correlated with a shorter patient survival 
owing to metastasis (Ramaswamy et al, 2003). 
Similarly, researchers at the Netherlands 
Cancer Institute and from Rosetta 
Inpharmatics identified a 70-gene-expression 
signature that predicted metastasis-free 
and overall survival in young breast cancer 
patients (Van ’t Veer et al, 2002; Van de Vijver 
et al, 2002). This signature was generated by 
comparing metastatic tumor samples to a 
large collection of mixed, metastatic and non-
metastatic, tumor samples. Together, these 
studies show that the tendency to metastasize 
is largely determined by the genes expressed 
in the bulk of the primary tumor (Bernards and 
Weinberg, 2002). This seems to be in contrast 
to the original “clonal selection” hypothesis, 
which has been much debated since (Fidler and 
Kripke, 2003a; Hunter et al, 2003). It should 
be noted that the above-cited prognostic 
signatures were not based on biological 
function, but instead reflect an empiric 
method to predict patient survival. Although 
several of the genes within the signatures are 
related to known prometastatic processes 
(including cell cycle regulation, cell invasion, 
angiogenesis, signal transduction, proteinases), 
the presence of a gene in the signature 
does not prove its actual involvement in 
the pathology of the disease (Weigelt et al, 
2005). Furthermore, also non-malignant cells 
of the tumor stroma (see below) may have 
contributed to the signatures, depending on 
the relative amount of infiltrated cells in the 
tumor samples. Of note, other, independently 
derived gene-expression signatures of breast 
cancer show hardly any overlap with the 
70-gene-expression signature in the identity 
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different mammary cell types (for example 
basal-like, luminal) and could be caused by 
a difference in the cell of origin (Perou et al, 
2000). The various subgroups are associated 
with differences in prognosis and in the 
propensity for metastasis (Sorlie et al, 2001). 
 
In addition to the above-described “tumor-
autonomous” effects, metastasis may be 
influenced also in a “tumor non-autonomous” 
fashion, that is, by the genetic background 
of the host. This was revealed by studies in 
transgenic mice, which demonstrated that 
the same oncogene can cause tumors with 
different metastatic potential in different 
mouse inbred strains (Lifsted et al, 1998). 
Strikingly, in a follow-up study (Qiu et al, 2004), 
the expression pattern of the tumors emerging 
in a “metastasis-susceptible” mouse strain, 
but not a “metastasis-non-susceptible” one, 
matched the 17-gene-expression signature 
predicting metastasis in solid human tumors 
(Ramaswamy et al, 2003). Therefore, it is 
conceivable that also in humans, metastasis 
has a hereditable component (Hunter, 2006). 
This would suggest that gene-expression 
signatures predictive of metastasis are induced 
not only by tumor-associated oncogenic 
mutations, but also partly reflect the genetic 
make-up (including SNPs) of individuals.  

Yet another possible explanation for the 
simultaneous acquisition of multiple 
protumorigenic and prometastatic properties 
in one cell clone is the upregulation of a master 
regulator gene like the genome organizer 
SATB1. By changing the gene expression 
program of breast tumor cells towards a poor-
prognosis transcriptome, SATB1 affects a large 
number of genes, including EMT-mediators, 
growth factors and metastasis suppressors 
and impinges on tumor growth, invasion, 
intravasation and metastasis simultaneously 
(Han et al, 2008). Consistent with these 
observations, elevated expression levels of 
SATB1 are an independent poor prognostic 
factor in breast cancer.

via blood or via lymph vessels, implying 
that specific genes determine which route 
disseminated tumor cells will take and in 
which location they will expand (Woelfle et al, 
2003).

Another, related, question that has remained 
largely unaddressed is how metastatic 
cells are selected for in a primary tumor. 
Co-selection for prometastatic properties 
together with mutations that provide growth 
advantage is one possible explanation. The 
mechanism for co-selection is based on the 
hardwiring of signaling pathways within a 
cell. In such a scenario, oncogenic mutations 
in growth factor receptors, proliferation and/
or survival pathways could “take along”, for 
example, pro-invasive pathways. Pugh and 
Ratcliffe proposed such a co-selection model 
for angiogenesis (Pugh and Ratcliffe, 2003). 
The hardwiring of the different pathways 
would thus be cell type-specific, which could 
also explain why the same mutation can have 
different effects in different cell types.

Consistent with this idea, the cell of origin of 
a tumor can determine whether metastasis 
will occur or not. Researchers from the 
Weinberg group transformed different cell 
types (fibroblasts, mammary epithelial cells 
and melanocytes) with an identical set of 
oncogenes (that are, SV40 early region, TERT, 
and RASV12). As a consequence, all three 
cell types produced tumors in nude mice, 
however, only the melanocytic tumors were 
endowed with metastatic potential. The 
target tissues in which the metastases formed 
were the same as those in human melanoma 
patients. This suggests that the predisposition 
for metastasis resides within the melanocyte-
specific genes (like the developmental gene 
and EMT-mediator slug), rather than in the 
oncogenic lesions (Gupta et al, 2005). Such 
a model would also be supported by the 
findings of Perou, Sorly and co-workers, who 
classified human breast tumors into 5 different 
subgroups, based on their gene expression 
profiles. Some of these subgroups resemble 
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may also explain the frequently observed 
tumor recurrence and failure of anticancer 
therapy. 

To date, the link between cancer stem cells 
and metastasis is still largely circumstantial 
and based on correlations. Nonetheless, 
the idea that the rare metastases-forming 
cells correspond to the equally rare CSCs 
seems attractive. These cells would have 
the potential to form a full-blown secondary 
tumor, with a similar histological architecture 
and heterogeneity as the primary one 
(Brabletz et al, 2005a). Stem cells critically 
rely on the microenvironment (“the stem cell 
niche”) they reside in. As discussed above, 
such a niche has been desribed of being 
required for metastases (Kaplan et al, 2005). 
The need to change its microenvironment 
into an appropriate niche, therefore, could 
contribute to the long latency (and often 
failure) of a disseminated tumor cell to grow 
out to a macrometastasis (Li et al, 2007). 

One fairly established link between CSCs and 
metastasis is the overexpression of stem cell-
associated genes in metastatic tumors. For 
instance, the polycomb group genes EZH2 
and BMI1, which function as transcriptional 
repressors, play a crucial role in stem cell 
maintenance (reviewed by Valk-Lingbeek et 
al, 2004) and are overexpressed in metastatic 
cancers (Varambally et al, 2002; Kleer et al, 
2003; Kim et al, 2004; Berezovska et al, 2006). 
EZH2 levels increase with tumor progression 
and both a BMI1-related (Glinsky et al, 2005) 
and an EZH2-based (Yu et al, 2007) “stem cell 
gene signature” predict poor survival and 
metastasis in cancer patients. Researchers 
from the groups of H. Chang and R. Weinberg 
showed that an embryonic stem cell gene 
module is present in several tumor types, and 
is predictive for metastasis and poor survival 
(Wong et al, 2008; Ben-Porath et al, 2008). 
In human pancreatic tumors, a proportion 
of CSCs at the invasive front express CXCR4 
(Hermann et al, 2007). Strikingly, whereas 
all pancreatic CSCs formed tumors in nude 

Metastatic cancer stem cells

The model that metastases arise from single 
cells, representing only a small fraction of 
all disseminated cells, evoked the idea that 
it may be metastatic “Cancer Stem Cells” 
(CSCs) in particular that eventually establish 
the macrometastasis. The cancer stem 
cell hypothesis is receiving ever increasing 
attention and has been gaining experimental 
support in recent years (for reviews see Pardal 
et al, 2003; Lobo et al, 2007). It states that 
there is a hierarchical organization of cells 
within a tumor, similar to normal tissues. On 
top of the hierarchy stands a small population 
of asymmetrically dividing CSCs that give rise 
to rapidly expanding progenitor cells, which 
eventually differentiate and exhaust their 
proliferative potential. The stem cells retain 
their original phenotype and proliferative 
capacity, which is referred to as “self-renewal” 
capacity. 

Cell populations enriched for CSCs display 
increased tumorigenic potential in serial 
transplantation assays, compared to the 
bulk of tumor cells. Such cancer stem cell 
populations have first been identified in 
hematologic malignancies, but subsequently 
also in melanoma and cancers of breast, 
brain, prostate, pancreatic and colon origins 
(Lobo et al, 2007; Hermann et al, 2007). Given 
the similarities between normal and cancer 
stem cells it has been hypothesized that 
CSCs originate from self-renewing normal 
stem cells that have accumulated oncogenic 
mutations. However, it may also be possible 
that mutations in progenitor or differentiated 
cells induce dedifferentiation and self-
renewal capacity (Bachoo et al, 2002; Pardal 
et al, 2003; Rapp et al, 2008). As (cancer) 
stem cells are relatively rare (because they 
are mainly quiescent or undergo cell division 
only occasionally) and often overexpress drug 
transporters, DNA repair enzymes or anti-
apoptotic proteins, they might be difficult 
to target with current anticancer therapies 
(Dean et al, 2005). These properties of CSCs 
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2008). It will be interesting to investigate their 
contribution to cancer stem cell migration. 
Clearly, many aspects of tumorigenesis and 
metastasis are adopted from developmental 
processes. 
 

Contribution of the 
microenvironment

For decades, molecular cancer biologists have 
studied tumor development and progression 
from a tumor cell-centered perspective. 
However, over time it has become clear that 
also the normal cells residing in the immediate 
vicinity of the tumor, the tumor stroma, play 
an essential role in tumorigenesis, both at 
early and late stages of tumor progression 
(for review see Mueller and Fusenig, 2004). 
Even cells from anatomically distant tissues 
(for example bone marrow) influence tumor 
progression. The non-malignant cells in the 
direct surroundings of (and intermingled 
with) a tumor differ from those nearby the 
corresponding normal tissue, and create 
a special microenvironment (Allinen et al, 
2004). The tumor stroma consists mainly of 
fibroblasts, ECM, vasculature and infiltrating 
immune and/or inflammatory cells, and has 
features resembling tissue undergoing wound 
healing. During wound healing, fibroblasts, 
inflammatory cells and mesenchymal stem 
cells migrate into the wound and remodel 
the microenvironment (Kalluri and Zeisberg, 
2006). Thereby, they orchestrate angiogenesis 
and cell proliferation to repair the tissue. 
However, whereas wound healing is a transient 
response, the tumor microenvironment 
remains in an activated state, which lead to 
the model that tumors behave like “wounds 
that never heal” (Dvorak, 1986; Schafer and 
Werner, 2008). 

Similar to a blood clot in a wound, (pre)
malignant tumor cells secrete growth factors 
and cytokines, which activate and recruit 
fibroblasts and inflammatory cells to the 
tumor. These infiltrated cells, in concert 

mice, only the CXCR4-positive subpopulation 
metastasized. Migrating cancer stem cells 
have been described also for colon cancer 
(Brabletz et al, 2005b), where nuclear 
staining of β-catenin (normally found in colon 
epithelium stem cells) can be detected in 
tumor cells at the invasive front (Brabletz et 
al, 2001). However, the stem cell potential of 
these cells was not directly investigated in 
that study. What has been shown is that WNT 
signaling mediates migration and invasion 
of human mesenchymal stem cells (Neth 
et al, 2006). Another example of stem cell-
like features playing a role in metastasis is 
provided by the morphogen NODAL, which 
maintains pluripotency in human embryonic 
stem cells (Hendrix et al, 2007). NODAL is also 
expressed in aggressive melanomas. Inhibition 
of NODAL in a melanoma cell line restored 
melanin synthesis (indicative of reversal of the 
dedifferentiated phenotype) and diminished 
both the invasive behavior of those cells in 
vitro and the formation of tumors in nude 
mice (Topczewska et al, 2006).

Rapidly accumulating evidence suggests that 
a link exists between stem cells and EMT. 
The Weinberg group recently demonstrated 
that EMT induced by twist or snail endows 
breast epithelial cells with stem cell-like 
properties (Mani et al, 2008). Conversely, 
normal and neoplastic stem cells isolated 
from breast tissues show several features of 
EMT. Intriguingly, several signaling pathways 
that mediate stem cell self renewal (WNT, 
sonic hedgehog, NOTCH, bone morphogenic 
proteins/BMPs) also induce EMT (Huber et al, 
2005; Bailey et al, 2007). During development, 
neural crest cells undergo EMT and invade 
the surrounding tissue to reach their final 
destination. These cells are progenitors of 
neurons and glia in the peripheral neural 
system, but also of melanocytes and 
connective tissue cells. The snail proteins, 
twist, and several other transcription factors 
are critically involved in neural crest cell 
differentiation and migration. (Tucker, 2004; 
Cheung et al, 2005; Kuriyama and Mayor, 
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orthotopic breast tumor xenografts (Karnoub 
et al, 2007). Activated fibroblasts have been 
found also at sites of liver metastasis, where 
they may promote the outgrowth of tumor 
cells (Olaso et al, 1997). Furthermore, fibroblast 
activation is probably involved in priming the 
premetastatic niche with fibronectin deposits 
(Kaplan et al, 2005; see above).

Another crucial component of the tumor 
stroma corresponds to cells of the immune 
system, in particular the innate immune 
system (that is, macrophages, neutrophils 
and mast cells) (for review see Coussens and 
Werb, 2002b; Pollard, 2004). Whereas the 
association of chronic inflammation with 
cancer has been made already some 150 years 
ago (for review see Schmidt and Weber, 2006), 
nowadays, we have a much more profound 
understanding of the underlying molecular 
mechanisms. Inflammatory cells, CAFs alike, 
are recruited and activated by soluble tumor-
derived factors (including colony-stimulating 
factor 1 (CSF1), CSF2 and TGFB, see Pollard, 
2004). In turn, the growth factors and 
proteinases secreted by the immune cells 
can promote tumor growth, angiogenesis 
and tumor progression (Pollard, 2004). The 
suppression of an adequate immune response 
against tumors and their antigens is mediated, 
at least in part, by TGFB1 (Gorelik and Flavell, 
2001), further underscoring its ambivalent 
role as a tumor suppressor but also as a 
tumor progression factor (Bierie and Moses, 
2006; Massague, 2008). Tumor-Associated 
Macrophages (TAMs) are a predictor of poor 
prognosis (Bingle et al, 2002) and promote 
metastasis in breast cancer mouse models 
(Lin et al, 2001). TAMs facilitate tumor cell 
intravasation into vessels (Wyckoff et al, 2007; 
see above) and participate in the formation of 
the premetastatic niche (Hiratsuka et al, 2002). 
Furthermore, immune cells secreting MMP9 
contribute to tumor progression in a mouse 
model of skin cancer (Coussens et al, 2000), 
most likely by increasing the bioavailability 
of VEGF sequestered within the ECM (Bergers 
et al, 2000). A similar process probably takes 

with the tumor cells, further remodel the 
microenvironment by secreting growth 
factors, proteinases and ECM components 
(Mueller and Fusening, 2004). This has an 
influence on the tumor cells but also on normal 
epithelial cells, the ECM and on stromal cells. 
The loss of TGFB responsiveness in murine 
fibroblasts, for example, causes prostate and 
squamous cell carcinomas (Bhowmick et al, 
2004), implying that TGFB signaling suppresses 
tumorigenesis. However, in the course of 
tumor progression, when tumor cells become 
refractory to the growth-inhibitory effects of 
TGFB, it induces EMT and facilitates metastasis 
(Oft et al, 1998; Bierie and Moses, 2006; 
Massague, 2008). A “reactive” tumor stroma 
is prone to induce angiogenesis and predicts 
shorter survival in breast cancer (Finak et al, 
2008). In keeping with this, a gene-expression 
signature generated from serum-stimulated 
fibroblasts in vitro (mimicking a wound 
response) predicts metastasis (Chang et al, 
2004).

One of the largest components of the 
tumor stroma is constituted by activated 
fibroblasts (Kalluri et al, 2006). In contrast to 
normal fibroblasts, these Cancer-Associated 
Fibroblasts (“CAFs”, also often referred to as 
myofibroblasts) express markers like smooth 
muscle actin (Lazard et al, 1993). Upon co-
injecton with weakly or non-tumorigenic 
epithelial cells CAFs stimulate epithelial 
cell transformation, tumor growth, and 
angiogenesis (Olumi et al, 1999; Orimo et al, 
2005). Myoepithelial cells, on the other hand 
counteract the invasion-promoting action of 
CAFs in ductal breast carcinoma in situ (Hu et 
al, 2008). CAFs may be derived from normal 
fibroblasts (Ronnov-Jessen and Petersen, 
1993), from tumor or normal epithelial cells 
that have undergone EMT (Iwano et al, 2002; 
Petersen et al, 2003), or from bone marrow-
derived Mesenchymal Stem Cells (MSCs), 
which infiltrate wounds and tumors in high 
numbers (Direkze et al, 2004; Karnoub et al, 
2007). MSCs co-injected with breast tumor 
cells specifically stimulate lung metastasis in 
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that secrete osteoponti n (OPN) and other 
factors, which leads to the acti vati on and 
mobilizati on of bone marrow-derived cells. 
These cells subsequently infi ltrate primary 
tumors and distant metastases where they 
promote tumor expansion. Interesti ngly, 

place in glioblastoma (Du et al, 2008).

Cells derived from the bone marrow have 
recently been demonstrated to be criti cal for 
systemic tumor insti gati on (McAllister et al, 
2008). This eff ect is caused by some tumors 
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cells to activate osteoclasts via the RANK 
receptor (TNFRSF11A). Upon bone resorption, 
TGFB1 and IGF1 are released and stimulate 
tumor cell proliferation, leading to increased 
PTHRP production, constituting a vicious 
cycle (Mundy, 2002). However, RANK and 
RANK-ligand (RANKL/TNFSF11)-expressing 
cells must be in close contact with each 
other for stimulation, as both molecules 
are anchored on the cell surface. Secretion 
of MMP7 by osteoclasts (and potentially 
also by tumor cells) can increase the range 
of action of RANKL, by releasing it from the 
surface of tumor and osteoblast cells, turning 
it into a diffusible, active molecule (Lynch et 
al, 2005). RANKL-deficient neuroblastoma 
cells on the other hand, can trigger bone 
marrow-derived mesenchymal stem cells to 
secrete interleukin 6 (IL6), which also leads to 
activation of osteoclasts (Sohara et al, 2005). 

Finally, it has been suggested that Loss Of 
Heterozygosity (LOH) of genes (including the 
tumor suppressors TP53 and PTEN) frequently 
occurs in the stroma of breast tumors and 
that these mutations may contribute to the 
epithelial-stromal cross-talk in carcinogenesis 
(Lakhani et al, 1999; Moinfar et al, 2000; 
Kurose et al, 2001; Kurose et al, 2002; Fukino et 

this instigation can be provoked even by 
small tumors, it acts systemically, and the 
infiltrated tumors or metastases do not 
need to be endowed with instigating activity 
themselves. As instigation enhances only the 
outgrowth, but not the establishment, of 
micrometastases, it is different from the role 
of the premetastatic niche discussed above 
(Hiratsuka et al, 2002; Kaplan et al, 2005). Thus, 
primary tumors can have pleiotropic effects 
on metastasis. They can facilitate metastasis 
by inducing a premetastatic niche and by 
instigation, or they can hamper metastasis by 
secreting anti-angiogenic factors (O’Reilly et 
al, 1994; see above).

The complex interactions between tumor 
cells and host cells can be illustrated in 
bone metastasis. Several cancers, including 
those of breast, lung and prostate origin, 
frequently metastasize to bones (Mundy, 
2002). In osteolytic bone metastasis, tumor 
cells activate osteoclasts to dissolve bone, 
thereby releasing growth factors that 
stimulate tumor cell proliferation. Breast 
cancer tumor cells upregulate parathyroid 
hormone-related protein (PTHRP/PTHLH) at 
the site of metastasis close to bones (Powell 
et al, 1991). PTHRP stimulates osteoblast 

Figure 2:  Examples of metastasis-promoting functions of the tumor microenvironment
(A) Origin of Cancer-Associated Fibroblasts (CAFs). Tumor cells releasing growth factors and cytokines activate 
normal fibroblasts or attract bone marrow-derived Mesenchymal Stem Cells (MSCs) that differentiate. CAFs can 
also be derived from tumor cells or normal epithelial cells that have undergone EMT. (B) Mesenchymal stem cells 
increase the invasive potential of tumor cells. (C) Tumor cells, CAFs and inflammatory cells secrete growth factors 
stimulating tumor growth, invasion and angiogenesis. Secreted proteinases remodel the ExtraCellular Matrix (ECM) 
and reveal pro-migratory cryptic sites or release sequestered growth and angiogenic factors. (D) Hematopoietic 
Progenitor Cells (HPCs) are activated by a distant tumor and Tumor-Associated Macrophages (TAMs) are recruited 
via CSF1 signaling. TAMs attract tumor cells to vessels by stimulating EGFR and facilitate intravasation. (E) The 
“vicious cycle of osteolytic bone metastasis” involves PTHRP secreted from tumor cells and growth factors, 
including TGFB, released from bone degradation by activated osteoclasts. Tumor cells can also stimulate MSCs in 
the bone marrow to activate osteoclasts via IL6. Release of MMP7 solubilizes RANKL, further increasing osteoclast 
activity. (F) Formation of a “premetastatic niche” is triggered by mobilization of bone marrow-derived cells by a 
distant tumor. The bone marrow-derived cells infiltrate the target organ, induce fibronectin deposition and enrich 
the microenvironment for growth factors and proteinases. Only after the niche has been established, tumor cells 
infiltrate and colonize these sites. The outgrowth of established micrometastases is promoted by the activation of 
bone marrow-derived cells due to systemic instigation mediated by tumor-secreted OPN and other factors.
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visceral organs (Pantel et al, 2008). In such 
a setting, anti-invasive therapies could be 
effective. As disseminated tumor cells 
and micrometastases have been found 
in a dormant state for a prolonged period 
of time (Luzzi et al, 1998), targeting these 
cells and preventing their outgrowth could 
represent another approach to interfere with 
metastasis. Because such cells may divide 
only infrequently (Naumov et al, 2002), and in 
case of stem cell-like tumor cells may express 
increased levels of drug transporters (Dean et 
al, 2005), disseminated cells may be difficult 
to target in the absence of reliable biomarkers. 
Another possibility would be to interfere with 
the tumor microenvironment or CSC niche 
permissive for outgrowth of metastases, 
including angiogenesis (see below).

One critical aspect of validating current 
and future targeting strategies aiming at 
metastasis is the set up of the respective 
clinical trials. The choice of patient groups 
and of the end points measured may have 
to be revisited (Steeg, 2006). Early phase 
clinical trials usually comprise patients 
with advanced cancers that have already 
developed distant metastasis. Furthermore, 
they often monitor tumor shrinkage, which 
might be an inappropriate setting to assess 
the effectiveness of antimetastatic agents. 

Besides the classical radio- and chemo-
therapies for advanced cancers, several 
new specific agents are being developed 
or have already entered the clinic. Growth 
factor receptors are required for tumor cell 
proliferation and survival, which are not only 
prerequisites for tumor growth, but often also 
for metastasis. At the same time, many of these 
receptors contribute also to cell migration and 
invasion (Christofori, 2006). Therefore, small 
molecule inhibitors and antibodies inhibiting 
growth factor receptors are nowadays 
being used to treat metastatic cancer. One 
promising example is the inhibition of ERBB2 
in breast cancers that overexpress it (Hynes 
and Lane, 2005). ERBB2-binding antibodies 

al, 2004). However, others have failed to find a 
significant occurrence of LOH in breast tumor 
stroma and argue against selection for genetic 
changes in stromal cells and an important role 
of these changes in tumorigenesis (Allinen et al, 
2004; Qiu et al, 2008). Because of differences 
in techniques used in these studies, the 
issue of a genetic co-evolution of tumor and 
stroma cells requires more in-depth analysis 
(discussed by Weinberg, 2008).

The more cancer researchers investigate 
the interaction of the tumor with the host, 
the more complex the picture gets. What 
crystallizes is that these interactions occur 
both ways, may include the whole organism 
and are related to those taking place in wound 
healing and tissue remodeling (Figure 2). 

Targeting metastasis?

As metastasis is the main cause of death in 
cancer patients, there is a great demand for 
therapeutics targeting the various steps of 
the metastatic cascade (for review see Eccles 
and Welch, 2007; Steeg and Theodorescu, 
2008). However, one has to ask the question 
whether metastasis is “targetable” at all. 
Indeed, should we not focus our efforts 
on combating the primary tumors? Many 
therapeutic approaches for advanced 
cancers target both the primary tumor and 
metastases simultaneously, because tumor 
cell proliferation and survival or tumor 
vascularisation are required in both settings. 
At the time of diagnosis, tumor cells often 
have already disseminated from the primary 
site and can be detected, for example in 
the bone marrow (Pantel et al, 2008). These 
disseminated cells have already completed 
several steps of the metastatic cascade, such 
that invasion- and intravasation-preventing 
therapies would be too late at this stage. 
However, there could also be several rounds 
of seeding and re-seeding of metastases for 
further spread of tumor cells, for example 
from lymph nodes or bone marrow to 
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in metastatic prostate cancer (Carducci 
et al, 2007), perhaps (partly) because of a 
suboptimal trial design (Beer and Ryan, 2007).
Because of the pro-invasive action of 
proteinases like MMPs, also MMP inhibitors 
have been developed and clinically tested 
as anticancer agents. Unfortunately, these 
broad range proteinase inhibitors largely 
failed in clinical trials (reviewed by Coussens 
et al, 2002a). The cause for this could be 
that several proteinases act also in a tumor-
suppressive fashion, affecting tumor cell 
growth and survival, angiogenesis and invasion 
(Lopez-Otin and Matrisian, 2007) Therefore, 
a thorough inventory of the target (pro-
oncogenic) and anti-target (anti-oncogenic) 
functions of the different MMPs is needed to 
make this protein family eligible for anticancer 
therapy (Overall and Kleifeld, 2006).

Concluding remarks

Research over the last few decades has 
provided detailed mechanistic insight into 
the different steps of metastasis. The two-
dimensional cell migration experiments from 
the 1980’s and 90’s have been translated 
into live-imaging studies of tumor cell 
invasion in living animals. Whereas initially, 
EMT was regarded as a phenomenon 
primarily associated with, and relevant 
for, cell morphology and motility, recently 
a connection to (cancer) stem cells has 
been made. This raises the possibility that 
certain oncogenes endow tumor cells not 
only with invasive properties, but at the 
same time enhance their potential to self-
renew. Such capabilities would be crucial for 
a disseminated tumor cell to establish itself 
and grow out as a metastasis, the seminal 
steps in the metastatic cascade. Survival and 
proliferation of disseminated cells at distant 
anatomical sites requires an appropriate niche 
(a compatible microenvironment). These 
niches as well as the microenvironment of the 
primary tumor are shaped and remodeled by 
angiogenesis and a plethora of different cell 

increase the effect of chemotherapy on 
progression-free survival of patients with 
metastatic breast cancer (Slamon et al, 2001). 
They also increase patient survival in an 
adjuvant setting (Romond et al, 2005; Piccart-
Gebhart et al, 2005), where therapy is given 
after surgical removal of the primary tumor, 
to prevent relapse. Similarly to this antibody-
based therapy, a small molecule inhibitor for 
ERBB1 and ERBB2 (lepatinib) also prolonged 
progression-free survival in combination 
with chemotherapy in a phase III clinical trial 
with patients suffering from advanced breast 
cancer (Geyer et al, 2006).

Another approach that has been introduced 
recently in the clinic to reduce primary tumor 
and metastasis load is the targeting of the 
angiogenic process. As angiogenesis depends 
largely on VEGF signaling, several strategies 
have been developed to disrupt this signaling 
route in tumors (reviewed by Ferrara and 
Kerbel, 2005). Small-molecule tyrosine 
kinase inhibitors and antibodies against VEGF 
receptors can block receptor activation. VEGF-
sequestering aptamers, soluble receptors and 
antibodies against VEGF can intercept the 
ligand and prevent binding to the receptor. 
A phase III clinical trial showed that blocking 
VEGF with a humanized anti-VEGF A antibody 
in combination with chemotherapy increases 
overall and progression-free survival of 
patients with metastatic colorectal cancer 
(Hurwitz et al, 2004).

The complex interactions of tumor cells with 
the microenvironment in bone metastasis 
offers potential to intercept signaling 
processes required for these interactions. 
Bisphosphonates are molecules that can 
inhibit osteoclasts and several derivatives 
are being used in the clinic to treat bone 
metastasis (Vessella and Corey, 2006). 
Inhibition of endothelin-1 (a growth factor for 
bone formation and osteoblast proliferation) 
could, in principle, impair osteoblastic bone 
metastasis. However, a phase III clinical trial 
failed to show an effect on disease progression 
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types, often derived and recruited from bone 
marrow. This requires an extensive paracrine 
communication between the tumor and 
the host, the networks of which we are 
only beginning to unravel. And, as cells are 
intrinsically prone to die outside their normal 
physiological location, restoring anoikis 
sensitivity could help limiting the uncontrolled 
spread of metastatic tumors. Further progress 
in the understanding of particularly the rate-
limiting steps of the metastatic cascade will 
undoubtedly present us with clinically relevant 
clues to interfere with metastasis. 
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Resistance to anoikis (“detachment-induced apoptosis”) has been suggested to be a 
prerequisite for cancer cells to metastasize. In a functional screen for suppressors of 
anoikis, we previously identified the neurotrophic receptor TRKB. Upon subcutaneous 
inoculation in mice, TRKB-expressing cells formed highly invasive and metastatic 
tumors. Here we discuss our findings within the context of the proposed role of TRKB 
in human malignancies and address the question of its feasibility as a target for cancer 
therapy.

Division of Molecular Genetics, Netherlands Cancer Institute, Amsterdam, the Netherlands

Thomas R. Geiger and Daniel S. Peeper

The Neurotrophic Receptor TRKB in Anoikis 
Resistance, Tumorigenesis and Metastasis*

The family of neurotrophic 
receptors

Nerve growth factor (NGF) was the first 
cellular growth factor identified (Cohen 
et al, 1954), a finding for which Rita Levi-
Montalcini and Stanley Cohen received the 
Nobel price in physiology or medicine in 1986. 
NGF is one out of four neurotrophins, which 
mediate a plethora of biological effects in the 
developing and adult nervous system. These 
comprise neuronal survival, proliferation, 
differentiation, axonal growth and synaptic 
plasticity (for review see Huang and Reichardt, 
2003; Arevalo and Wu, 2006). The other 
neurotrophins are brain-derived neurotrophic 
factor (BDNF), neurotrophin 3 (NTF3 or NT3), 
and neurotrophin 4 (NTF4 or NT4/5). All 
neurotrophins bind with low affinity to the 
NGF receptor (NGFR or p75NTR), a member 
of the TNF superfamily with no enzymatic 
activity (Chao et al, 1986; Huang et al, 2003). 

The high affinity neurotrophic tyrosine 
kinase receptors are TRKA (NTRK1) (Klein 
et al, 1991a), TRKB (NTRK2) (Soppet et al, 
1991; Klein et al, 1991b), and TRKC (NTRK3) 
(Lamballe et al, 1991). TRKA binds NGF, and 
with lower affinity NTF3. TRKB binds BDNF, 

NTF4 and also with low affinity NTF3. TRKC is 
the primary receptor for NTF3. The broad and 
sometimes opposing effects of neurotrophins 
in different cell types can have several 
explanations. First, heterodimerization 
of p75NTR with TRK receptors modulates 
the binding affinities of the TRK receptors. 
Second, unprocessed pro-neurotrophins have 
a high binding affinity for p75NTR, but not for 
TRK receptors. Whereas pro-NGF induces 
p75NTR-dependent apoptosis, mature NGF 
(generated by proteolytic cleavage) promotes 
survival and differentiation via TRKA (Lee et 
al, 2001). Further increasing the complexity 
of neurotrophin signaling, different splice 
variants exist for TRKB (and TRKC) that lack 
the catalytic kinase domain (Middlemas 
et al, 1991). Initially, these variants were 
thought to act mainly as dominant-negative 
receptors (Eide et al, 1996). Subsequent 
studies, however, showed that the truncated 
TRKB variant TRKB-T1, which is expressed in 
glial cells, mediates BDNF-evoked signaling 
via RHO GTPases (Rose et al, 2003; Ohira et 
al, 2005). 
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and metastasis due to the deprival of survival 
signals that are needed to support localized 
cancer cells (Meredith et al, 1993; Frisch and 
Francis, 1994). Additionally, a large fraction 
of the tumor cells in a primary tumor may 
also face pro-anoikis signals as they lose 
interaction with the basement membrane 
(Petersen et al, 1998). 

We hypothesized that genes conferring 
resistance to anoikis may also confer increased 
metastatic capacity. Therefore, we performed 
a functional, genome-wide screen for genes 
that could suppress anoikis. To mimic anoikis 
in vitro, we used cell culture dishes to which 
cells cannot attach, resulting in massive death 
of normal (anoikis-sensitive) cells within days. 
Out of several epithelial cell lines tested, we 
selected the rat intestinal epithelial cell 
line RIE-1 (Blay and Brown, 1984), as it was 
highly sensitive to anoikis, with only minimal 
background. Another important advantage 
of this cell line is that it is completely non-
malignant when transplanted in nude, 
immunodeficient mice. This allowed us to 
address both the in-vitro characteristics and 
the oncogenic and/or metastatic activity 
of any hit obtained in the screen within the 
context of a single cell system. 

Using this screen, we identified full length, wild 
type TRKB, which allowed RIE-1 epithelial cells 
to survive as large aggregates in suspension 
(Douma et al, 2004). We found that TRKB 
protects cells against anoikis, in different 
epithelial cell lines and across species, by 
a mechanism that required activation of 
the PI3K/AKT pathway. Remarkably, TRKB 
completely failed to rescue programmed cell 
death by another pro-apoptotic insult, namely 
serum withdrawal of MYC-overexpressing 
fibroblasts, indicating that it does not act as 
a general pro-survival factor (Douma et al, 
2004). Although we found that an activated 
mutant of PI3K protected against anoikis, the 
effect was less pronounced than that observed 
for activated TRKB. It is worth noting here 
that the signaling pathways utilized by these 

Binding of neurotrophins to TRK receptors 
results in receptor homodimerization and 
subsequent trans-phosphorylation of tyrosine 
residues in the cytoplasmic kinase domain. 
These phosphorylated residues serve as 
docking sites for various adaptor proteins 
that can stimulate several canonical pathways, 
including RAS/MAPK, PI3K/AKT and PLCγ/PKC 
(Huang and Reichardt, 2003; Arevalo and Wu, 
2006). Whereas these pathways (and other, 
less well established signaling pathways 
regulated by TRK receptors) normally mediate 
the physiologic TRK functions, aberrant 
TRK activity has been implicated in neural 
disorders (Gauthier et al, 2004; Schindowski 
et al, 2008; Rantamaki and Castren, 2008) and 
in cancer (see below).

A genome-wide functional screen 
for anoikis suppressors identifies 
TRKB 

Metastasis comprises a multitude of complex 
events, including tumor cell invasion of 
the surrounding tissue, intravasation of 
lymphatics or the vasculature, transport 
through the bloodstream, extravasation from 
the vasculature, and “seeding” at a distant site 
(Fidler, 2003; chapter 1). In order for tumor cells 
to successfully metastasize, they must sustain 
a number of genetic or epigenetic alterations 
that allow them to survive the various steps 
in the process. For example, metastasizing 
tumor cells must acquire the ability to survive 
in foreign environments (Liotta and Kohn, 
2001). Denial of their extracellular matrix 
causes normal epithelial cells to undergo 
programmed cell death called anoikis, a term 
derived from the ancient Greek word for 
homelessness (Meredith et al, 1993; Frisch 
and Francis, 1994). By disseminating away 
from normal tissue sites through the vascular 
or lymphatic compartment, tumor cells are 
confronted by abnormal environments where 
they are deprived of physiological adhesion 
signals. In this manner, anoikis may act as a 
physiological barrier to cancer progression 
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only TRKB-expressing clones were recovered. 
Although this might suggest at least some 
level of specificity, clearly, it doesn’t rule 
out the possibility that overexpression of 
other (proto-)oncogenes would similarly 
diminish the sensitivity to anoikis. Indeed, a 
number of other genes have been implicated 
in anoikis resistance, including activated 
PI3K (Khwaja et al, 1997), BCL2 (Frisch and 
Francis, 1994), activated focal adhesion 
kinase (FAK) (Frisch et al, 1996) and integrin-
linked kinase (ILK) (Radeva et al, 1997; Attwell 
et al, 2000). The implication of each of these 
genes in regulating cell-cell and cell-matrix 
interactions is consistent with the idea that 
anoikis occurs as a result of loss of adhesion 
signaling. However, mutant oncogenes (like 
activated RASV12) or relatively large cDNAs (for 
example, encoding other Receptor Tyrosine 
Kinases/RTKs) were not present or may have 
been underrepresented in the libraries used, 
respectively. In addition, although also specific 
downstream, pro-survival effectors of TRKB 
(including PI3K) protect cells against anoikis, 
they do so only in their activated forms, be it 
on appropriate physiologic stimulation or by 
(oncogenic) mutation. And last but not least, 
although other genes may suppress anoikis, it 
is important to realize that for identification in 
our screen, their activities had to be sufficiently 
dominant to allow a single cell to survive in 
suspension amidst hundreds of thousands of 
dying cells. To properly address this issue of 
specificity in anoikis resistance, standardized 
assays of (mutant) (R)TKs expressed in 
untransformed cell systems will be required 
to identify the full spectrum of cellular players 
and their signaling pathways. Further, within 
this context, genetic and proteomic analyses 
will be instructive to illuminate the cellular 
profile that anoikis resistance and metastasis 
have in common.

factors may be affected by cellular context. 
For example, the relative contribution of PI3K 
and MEK to anoikis suppression by RASV12 
differs depending on the epithelial cell type 
used (Khwaja et al, 1997; McFall et al, 2001). 

To address a potential role in oncogenicity 
and metastasis, RIE-1 cells with activated 
TRKB were injected into nude mice, first 
intravenously (i.v.) (Douma et al, 2004). 
These cells were able to survive in the 
bloodstream and at distant sites, leading 
to tumor formation in the lungs and other 
tissues with the first signs of morbidity 
apparent already after a week. The tumors 
were undifferentiated and exhibited high 
proliferative indices. Importantly, very few 
tumor cells underwent apoptosis, whether 
they were present in large tumor masses or in 
small metastases, consistent with the anoikis-
resistant nature of these cells in vitro. They 
not only invaded blood and lymphatic vessels 
in various tissues but also infiltrated and 
destroyed bone tissues. As the intravenous 
experimental metastasis system bypasses 
the initial invasion and intravasation steps of 
metastasis, we implanted TRKB-expressing 
cells also subcutaneously. In this setting, 
they produced rapidly growing tumors 
that were highly invasive and metastatic. 
Immunohistochemical analysis revealed the 
presence of TRKB-expressing cells in muscle 
tissue within a few days of implantation, 
and subsequently in lymphatics and in the 
lymph node draining the tumor site. Within 
two weeks of introduction, the tumor cells 
produced large secondary tumors in the 
lungs.

Specificity in anoikis suppression

An important question following from our 
work concerns the issue as to how specific 
these effects are for TRKB. Although the 
screen was carried out under saturated 
conditions and eventually with three different 
(genome-wide) cDNA expression libraries, 
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More papers suggest a potential role for 
TRKB and BDNF in ovarian cancer (Yu et al, 
2008), retinoblastoma (Stephan et al, 2008), 
hepatocellular carcinoma (Yang et al, 2005) 
and in head and neck squamous cell carcinoma 
(Zhu et al, 2007)

Anoikis is normally thought to play a critical 
role in tissue homeostasis of colonic 
epithelium (Hall et al, 1994). Interestingly, 
sequence analysis of the tyrosine kinome in 
colorectal cancers has revealed two point 
mutations in the TRKB gene, both within 
its kinase-encoding domain (Bardelli et al, 
2003). Another TRKB point mutation has been 
identified in a lung adenocarcinoma cell line 
(Davies et al, 2005). Very recently, a proportion 
of large cell neuroendocrine carcinomas of 
the lung were shown to harbor TRKB point 
mutations in the activation loop of the kinase 
domain (Marchetti et al, 2008). However, 
the functional impact of all these mutations 
remains to be determined (see chapter 4). 

Unlike its relatives TRKA and TRKC, which 
can be activated in cancer by fusion with 
multimerizing proteins (Bongarzone et 
al, 1989; Knezevich et al, 1998; Tognon et 
al, 2002) or by aberrant alternate splicing 
(Tacconelli et al, 2004), TRKB has not been 
observed to be activated in cancer in these 
ways. Therefore, the primary mechanism of 
TRKB activation in human tumors seems to 
be through overexpression of the full-length 
protein (Nakagawara et al, 1994), and maybe 
by point mutations. 

TRKB: a therapeutic target?

The prevalence of TRKB elevation in human 
cancer has prompted interest in this receptor 
as a therapeutic target (Ruggeri et al, 1999; 
Desmet and Peeper, 2006). However, 
while we have provided evidence that 
TRKB overexpression is sufficient to drive 
tumorigenesis, invasion and metastasis in 
experimental models, an important question 

TRKB is overexpressed in 
neuroblastoma and other human 
cancers

Normally, TRKB is expressed in the adult and 
developing brain and in some other neural 
and non-neural tissues, including lung, muscle 
and ovary (Klein et al, 1989). In cancer, the 
strongest evidence for a role of TRKB is its 
frequent overexpression in neuroblastoma, 
the most common solid tumor in childhood, 
arising from primitive cells of the sympathetic 
nervous system (Nakagawara et al, 1994; 
Brodeur, 2003). Neuroblastoma patients can 
be roughly divided into low-risk and high-
risk groups, often with either spontaneous 
regression of tumors or with aggressive 
metastases respectively. One of the most 
reliable markers for poor outcome is 
amplification of the MYCN locus. MYCN 
amplification is strongly associated with, but 
likely not responsible for, TRKB overexpression 
(Edsjo et al, 2003). As increased levels 
of BDNF can be detected in some of the 
neuroblastomas with high TRKB expression, it 
is plausible that an autocrine or paracrine loop 
promoting cell survival exists in these tumors 
(Aoyama et al, 2001). Additionally, TRKB has 
been shown to protect neuroblastoma cell 
lines from chemotherapy-induced apoptosis 
(Jaboin et al, 2002; Ho et al, 2002). In addition 
to a potential role in neuroblastoma, an 
increasing number of studies is appearing with 
examples of human cancers overexpressing 
TRKB. For example, elevated TRKB levels 
have been reported in a significant fraction 
of pancreatic adenocarcinomas that exhibit 
liver metastases and shorter time to local 
recurrence after therapy (Miknyoczki et al, 
1999b; Sclabas et al, 2005). In prostate cancer, 
TRKB overexpression was detected in 70% of 
32 cases examined (Dionne et al, 1998). In 
Wilms’ tumor, TRKB overexpression has been 
associated with an increased mortality risk 
(Eggert et al, 2001). TRKB overexpression in 
Hodgkin lymphoma and multiple myeloma 
can promote survival in conjunction with 
BDNF (Pearse et al, 2005; Renne et al, 2005). 
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Potential toxicity and required 
specificity of TRKB-based targeted 
therapy

The suitability of TRKB as a therapeutic target 
is also uncertain because of an incomplete 
picture of the precise requirements for TRKB 
in normal physiology. TRKB is widely expressed 
in the peripheral and central nervous systems 
(Klein et al, 1989), tissues for which knockout 
studies in the mouse have revealed that it has 
an important function during development, 
similar to BDNF. This is illustrated, for 
example, by the death of “germline” TrkB-
deficient mice soon after birth, with nervous 
system deficiencies (Klein et al, 1993). Mice 
lacking both copies of Bdnf in the germline, 
too, suffer from major neuronal deficiencies 
(Ernfors et al, 1994; Jones et al, 1994). 
However, extrapolating these observations 
to the clinical applicability of TRKB-inhibitory 
drugs may yield a too pessimistic picture: the 
side effects of such drugs to the patient may 
be less severe than TrkB- and Bdnf knockout 
mice might predict, given that many tissues 
normally expressing TRKB lie behind the 
blood-brain-barrier (which could help reduce 
side-effects by achieving tissue specificity). 

Following from the effects of the TRK-
inhibitory compounds on tumor growth in 
mice, clinical trials have been initiated. Two 
phase I trials with patients suffering from 
mainly solid tumors showed that CEP-701 
and CEP-2563 (a modified compound, which 
is metabolized to active CEP-751) are well 
tolerated and have acceptable toxicities. 
However, these first studies failed to reveal a 
tumor response (Undevia et al, 2004; Marshall 
et al, 2005). In a separate phase I/II clinical trial, 
the effects of CEP-701 on patients with acute 
myeloid leukemia and carrying an activating 
mutation of FLT3 (as mentioned, another RTK-
target of this inhibitor) were evaluated (Smith 
et al, 2004). 35% of 14 patients showed 
a measurable clinical response, which 
correlated with sustained FLT3 inhibition.

remains whether TRKB activity is essential 
to maintain these malignant properties in 
human tumors. The feasibility of TRKB as a 
drug target is already being evaluated in pre-
clinical studies with TRK-inhibitory compounds, 
specifically analogs of the indolocarbazole 
alkaloid K252a, like CEP-751 and CEP-701 
(Camoratto et al, 1997). Anti-tumorigenic 
effects of these two compounds have been 
observed in animal models injected with 
human cancer cell lines (Dionne et al, 1998; 
Miknyoczki et al, 1999a; Evans et al, 2001). 
However, only in a few cases an inventory 
was made of the relative expression levels 
of individual TRK family members. Whether 
TRK kinases, and which TRK family member, 
corresponded to the specific target of the 
treatment remains to be determined. In such 
a setting, it is not straightforward to pin down 
the responsible cellular factor, as tumor cell 
lines are genetically ill-defined and may suffer 
from deregulation of kinases in addition to 
TRK receptors. Indeed, it has been shown 
that CEP-751 and CEP-701, affect other RTKs 
in addition to TRK kinases. Alternative targets 
include the VEGF receptor 2 (George et al, 
1999), the RET proto-oncogene (Strock et 
al, 2003), and the FMS-like tyrosine kinase 3 
(FLT3, a receptor tyrosine kinase involved in 
acute myeloid leukemia) (Levis et al, 2002), 
which are also inhibited by these drugs in the 
nanomolar range. In one study, ectopically 
expressed TRKB in a neuroblastoma cell line 
induced enhanced tumor growth, compared 
to the parental cell line. This effect could 
be reverted by administration of CEP-751, 
leading to increased apoptosis in the tumor, 
without apparent toxicity (Evans et al, 2007). 
Complementary to small chemical compounds, 
the use of RNA interference against TRK 
receptors could help specifying the relevant 
target. Taken together, these data suggest 
that TRKB might drive one or more facets of 
tumor formation and metastasis, consistent 
with our finding that TRKB overexpression is 
sufficient to transform non-malignant cells 
into invasive and metastatic cells.
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a disadvantage, as seen for imatinib (Gleevec/
Glivec): while this drug was originally designed 
as a specific inhibitor of the oncogenic tyrosine 
kinase BCR-ABL (Buchdunger et al, 1996), 
which is aberrantly expressed by chronic 
myeloid leukemia (CML) cells, it also inhibits 
other, structurally related kinases, like KIT and 
PDGFR (Buchdunger et al, 2000). Because of 
this, imatinib is currently used not only for 
treatment of CML (Druker et al, 2001), but 
also for treatment of gastrointestinal stromal 
tumors (GIST), in which KIT is abnormally 
expressed (Demetri et al, 2002).
  

Concluding remarks

A large body of evidence has linked aberrant 
expression of TRKB in several human cancers 
to metastatic capability and other features 

Is it necessary to develop inhibitors that 
target the TRK family members individually? 
Interestingly, neuroblastomas from patients 
with favorable prognosis often express high 
levels of TRKA instead of TRKB (Brodeur, 
2003), suggesting that these receptors 
differentially regulate a small set of genes 
involved in apoptosis, invasion and therapy 
resistance (Schulte et al, 2005). Because 
increased TRKA levels seem to contribute to a 
favorable prognosis, for example, by inducing 
differentiation or apoptosis (Matsushima 
and Bogenmann, 1993), this illustrates how 
different TRK family members could affect 
tumor aggressiveness in radically different 
ways. This issue is important, because it 
could influence whether to treat tumors 
overexpressing TRKB with “pan”-TRK 
inhibitors versus TRKB-specific agents. Of 
note, a broader specificity is not necessarily 

Figure 1:  Model for anoikis of tumor cells in vivo
(A) Anoikis-sensitive cells, disseminated from a primary tumor, undergo apoptosis upon entering blood or lymphatic 
vessels or other foreign environments. (B) Suppression of anoikis by TRKB overexpression protects disseminated, 
circulating tumor cells from undergoing apoptosis, thereby facilitating metastasis. As TRKB overexpression also 
induces primary tumors (not indicated in the figure), therapeutic interference with TRKB activity might also 
have an impact on tumor formation and metastatic spread at other levels. [adapted from Cancer Res (2005) 65  
p.7035]



The Neurotrophic Receptor TRKB

51

2

This will not only increase our understanding 
of the mechanism by which TRKB exerts its 
oncogenic and metastatic functions, but may 
also yield additional targets for therapeutic 
intervention.
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* adapted from Cancer Research (2007) 67 6221-6229

“Anoikis”, or cell death induced by cell detachment, provides protection against the 
metastatic spread of tumor cells. We have previously shown that the neurotrophic 
receptor tyrosine kinase TRKB suppresses anoikis in rat intestinal epithelial cells, and 
renders them highly tumorigenic and metastatic. As TRKB is overexpressed in several 
aggressive human cancers, first attempts are being made to target TRKB in cancer 
therapy. However, the mechanisms underlying TRKB-mediated anoikis suppression, 
tumorigenesis and metastasis still remain largely elusive. Although, to date, most 
attempts to neutralize TRKB in tumors aim to inactivate its kinase activity, it is unclear 
whether TRKB kinase activity is required for its oncogenic functions. Indeed, it has been 
suggested that also other properties of the receptor contribute to functions that are 
relevant to tumor cell survival. Specifically, several adhesion motifs reside within the 
extracellular domains of TRKB. In line with this, TRKB-expressing epithelial cells form 
large cellular aggregates in suspension cultures, possibly facilitating tumor cell survival. 
Therefore, we set out to study the relative contributions of TRKB’s kinase activity and its 
adhesion domains to anoikis suppression and oncogenicity. On the basis of a structure-
function analysis we report that TRKB kinase activity is required and, unexpectedly, 
also sufficient for anoikis suppression, tumor formation and experimental metastasis. 
Thus, TRKB can act tumorigenically independent of its adhesion motifs. These results 
suggest that targeting the enzymatic activity of TRKB might be beneficial in cancer 
therapy.

Division of Molecular Genetics, Netherlands Cancer Institute, Amsterdam, the Netherlands

Thomas R. Geiger and Daniel S. Peeper

Critical Role for TRKB Kinase Function in 
Anoikis Suppression, Tumorigenesis and 
Metastasis*

Introduction

Cells disseminating from a primary tumor 
to metastasize to different sites in the body 
represent the main problem in cancer 
treatment and often are responsible for 
the death of cancer patients. A better 
understanding of the underlying mechanisms 
of this process could reveal new targets for 
cancer treatment. Metastasis involves several 
discrete steps, each serving to overcome a 
physiological barrier against the spread of 
tumor cells (Fidler, 2003). One such barrier, 
which is intrinsic to epithelial cells particularly, 

is “anoikis”, or apoptosis induced by unfamiliar 
(or loss of) cell adhesion signals (Meredith et al, 
1993; Frisch and Francis, 1994). Tumor cells can 
encounter foreign environments as soon as 
they start invading neighboring tissue, but also 
during and after the process of intravasation 
(tumor cell invasion into lymphatic or vascular 
vessels) and extravasation, when tumor cells 
seed in distant tissues. In the case of normal 
cells these “new” environments would 
trigger an anoikis response, resulting in the 
elimination of cells upon the activation of 
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tumor growth (Dionne et al, 1998; Ruggeri 
et al, 1999; Miknyoczki et al, 1999a; Evans et 
al, 2001; Rubin and Segal, 2003; Desmet and 
Peeper, 2006).

However, in spite of these efforts the 
mechanism of TRKB-mediated anoikis 
resistance and oncogenicity is largely 
unknown. To date, most attempts to 
interfere with TRK function have focused 
on inhibiting its kinase activity. Somewhat 
surprisingly, however, to our knowledge, it 
has not yet been demonstrated that TRKB 
enzymatic activity is required to suppress 
anoikis or more importantly, to execute 
its oncogenic functions. Although it seems 
likely that (sustained) TRKB kinase activity 
and downstream signaling contribute to, or 
are responsible for, anoikis suppression and 
tumorigenicity, alternative or additional 
mechanisms might be involved as well. For 
example, we have observed that TRKB-
expressing cells form large aggregates in 
suspension as well as during malignant invasion 
in vivo (Douma et al, 2004). It is a longstanding 
hypothesis that aggregate formation of 
tumor cells in vivo plays an essential role in 
tumor cell survival and metastasis (Liotta et 
al, 1976; Friedl et al, 1995; Bates et al, 2000). 
Consistent with this, TRKB harbors several 
adhesion motifs in its extracellular domain 
and has been proposed to act as an adhesion 
molecule (Schneider and Schweiger, 1991; 
Zhou et al, 1997). This raises the question 
as to whether TRKB directly (through its 
extracellular domain) mediates intercellular 
adhesion and if so, whether this is required 
for anoikis suppression and tumorigenesis. In 
such a scenario, the adhesion domains could 
represent another target for TRKB inhibition 
in cancer, independent of its kinase domain.

Therefore, our aim in this study was to 
determine the contribution of the conserved 
domains of TRKB to its cancer-relevant 
functions. To this end, we undertook a 
structure-function analysis and generated 
a set of TRKB mutants carrying deletions or 

an apoptotic program. By contrast, many 
tumor cells are anoikis-resistant. Therefore, 
suppression of anoikis by disseminating tumor 
cells is predicted to prolong their survival in 
unfamiliar environments, thereby facilitating 
metastasis (Meredith et al, 1993; Frisch and 
Francis, 1994; Liotta and Kohn, 2001). 

In a recent functional genomic screen for 
genes that suppress anoikis, we identified the 
neurotrophic receptor TRKB as an oncoprotein 
associated with metastatic capacity (Douma 
et al, 2004). Overexpression of TRKB rendered 
non-malignant epithelial cells anoikis-resistant 
and highly tumorigenic. Consistent with the 
model that anoikis suppression facilitates 
metastasis, TRKB-expressing cells formed 
highly invasive and metastatic tumors in 
nude mice, with very short latencies (Douma 
et al, 2004). As to its physiological role, the 
TRKB receptor tyrosine kinase, together with 
its ligand brain-derived neurotrophic factor 
(BDNF), is essential for the development and 
function of the nervous system, at least in 
part by providing an important survival signal 
(Klein et al, 1993; Ernfors et al, 1994; Jones 
et al, 1994). On the other hand, high TRKB 
expression levels have been implicated in 
several human malignancies. A prime example 
is neuroblastoma, in particular the subgroup 
associated with MYCN amplification and bad 
prognosis (Nakagawara et al, 1994; Brodeur, 
2003). Likewise, TRKB overexpression has been 
found in pancreatic and prostate carcinomas 
and some other solid and lymphoid cancers 
(Dionne et al, 1998; Miknyoczki et al, 1999b; 
Eggert et al, 2001; Rubin and Segal, 2003; 
Pearse et al, 2005; Renne et al, 2005; Sclabas 
et al, 2005). It has therefore been suggested 
that TRKB provides a potential target for 
therapeutic intervention (Ruggeri et al, 1999; 
Geiger and Peeper, 2005; Desmet and Peeper, 
2006). The fact that TRKB is a receptor tyrosine 
kinase in principle allows various ways of 
targeted interference. Indeed, attempts are 
being made already to develop inhibitors of 
TRK kinase signaling. Pre-clinical xenograft 
studies suggest that such inhibitors can delay 
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TRKC. At its N-terminal end that is exposed 
to the extracellular environment, three 
Leucine-Rich Motifs (LRMs) are flanked by 
two cystein-rich stretches and followed by 
two Immunoglobulin-like domains (Ig-1 and 
Ig-2) (Figure 1A). The LRMs as well as the 
Ig-like domains all contain adhesion motifs 
(Schneider and Schweiger, 1991). At the 
C-terminal cytoplasmic end of TRK receptors, a 
tyrosine kinase domain mediates downstream 
signaling. To assess the functional contribution 
of each individual domain we introduced the 

point mutations in the different functional 
domains of the receptor. These mutants were 
subsequently tested for their potential to 
suppress anoikis in vitro and to form tumors 
in nude mice.

Results

Design of TRKB mutants 
TRKB has a characteristic domain architecture 
that is shared by its two relatives, TRKA and 

Figure 1:  Design and relative expression of TRKB mutants
(A) Schematic representation of the TRKB mutants generated. S: signal peptide, LRM: Leucine-Rich Motif, Ig: 
Immunoglobulin-like domain, TM: TransMembrane domain. The short cystein-rich stretches flanking the LRMs 
are not indicated in the scheme. Numbers indicate positions of amino acid residues. (B) Expression analysis 
of polyclonal cell lines stably expressing TRKB mutants. Equal amounts of cell lysates were analyzed for TRKB 
protein levels by immunoblotting (IB). The C-terminally truncated splice variant T1 (left panel) was detected with 
an antibody recognizing the Ig-like domains of TRKB (H-181). All other mutants (right panel) were detected with a 
C-terminal pan-TRK antibody (C-14). α-tubulin serves as a loading control.
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To inactivate the kinase domain, the lysine 
588 residue was replaced by methionine. 
The Lys588 residue is required for ATP-binding 

following mutations into a full-length, wild-
type, human TRKB cDNA (Figure 1A). 

Figure 2 Chapter 3
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intestinal epithelial cell line RIE-1, which is 
highly sensitive to anoikis and non-malignant 
upon injection into nude mice (Douma et 
al, 2004). To assess the contribution of the 
various conserved domains of TRKB, we 
transduced RIE-1 cells first with recombinant 
retrovirus encoding BDNF and subsequently 
with retrovirus driving the expression of one 
of the different TRKB mutants. As TPR-TRKB 
was expected to signal in a constitutive 
and ligand-independent manner, TPR-TRKB 
and the TPR control were expressed in the 
absence of BDNF. Following selection for 
successful proviral integration, western blot 
analysis of the cell line pools revealed that all 
the mutants were expressed to similar levels, 
except for TPR-TRKB, which was expressed at 
relatively low levels (Figure 1B). All but the 
TPR-TRKB and ∆LRM mutants were detected 
as multiple species, most likely resulting from 
glycosylation (Watson et al, 1999).

Ligand activation and downstream 
signaling of TRKB mutants
Two of the adhesion domains within TRKB 
(i.e. LRM and Ig-2) are also involved in ligand 
binding and kinase activation (Urfer et al, 
1995; Windisch et al, 1995; Ninkina et al, 1997). 
To assess whether deletion of the adhesion 
domains would interfere with kinase signaling 

and abolishes kinase function if mutated 
(Eide et al, 1996; Haapasalo et al, 2002). In 
addition, we used a truncated splice variant, 
TRKB-T1, which lacks the entire kinase domain 
(Middlemas et al, 1991). Complementary to 
these kinase-inactive mutants, we generated 
a constitutively active TPR-TRKB fusion 
protein that contains only the kinase domain 
but lacks all extracellular domains as well 
as the transmembrane domain. The TPR 
domain serves to oligomerize the TPR-TRKB 
molecules, leading to cross-phosphorylation 
and activation of the kinase domains, thereby 
mimicking normal, ligand-induced activation 
of TRKB (Blume-Jensen and Hunter, 2001). To 
exclude effects induced by TPR but unrelated 
to TRKB, a TPR-only construct was used as a 
control. In addition to the mutants altering 
TRKB kinase signaling, we generated variants 
of human TRKB that either lack the three 
LRM domains, the Ig-1 or Ig-2 domains, or 
both Ig-domains. All TRKB mutants except 
TPR-TRKB retained the N-terminal signal 
peptide for targeting to the plasma membrane. 
Figure 1A shows an overview of all TRKB 
mutants used in this study.

Relative expression of TRKB mutants
The functional consequences of these 
mutations were tested in the immortal rat 

Figure 2:  Ligand activation and downstream signaling of TRKB mutants
RIE-1 cell pools stably expressing TRKB mutants but not BDNF were serum-starved overnight and subsequently 
stimulated with 100 ng/ml recombinant human BDNF for 5 min. (A) Cell lysates were prepared and used for 
immunoprecipitation (IP) with pan-TRK antibody and analyzed by immunoblotting (IB) with phospho-tyrosine 
antibody (pY, top panel), pan-TRK antibody recognizing the C-terminus (middle panel) or N-terminal TRKB antibody 
(bottom panel). Arrows indicate positions of the respective (phosphorylated (p)) TRKB mutants. (Phosphorylated) 
TPR-TRKB co-migrates with the immunoglobulin heavy chain (hc). Samples were derived from the same experiment 
but analyzed on parallel gels. (B) Cell lysates were prepared and analyzed by immunoblotting with AKT-pSer473 
(pAKT, upper panel) or total AKT (lower panel) antibody. As a control for identifying pAKT (indicated by arrow), 
cells were treated with the PI3K inhibitor LY294002 (20 µM) for 30 minutes prior to, and during BDNF stimulation. 
Asterisks (*) indicate aspecific bands. Samples were analyzed on parallel gels. (C) Intracellular localization of 
TRKB mutants by immunofluorescence and confocal microscopy. Cells expressing the indicated TRKB mutants 
were stained with TRK antibody (TRKB [TK-] (C-13) for T1, pan-TRK (C-14) for wild-type and all other mutants) 
and analyzed by confocal microscopy on a 63x NA 1.32 objective. Cell nuclei were labeled with TO-PRO. Cells 
expressing only the vector served as a control to visualize unspecific signal (bottom panel).
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(thereby complicating a distinction between 
the functional contribution of the enzymatic 
and adhesive functions of TRKB), we first 
measured kinase activation of the mutants 
following stimulation with ligand. Serum-
starved cells expressing the TRKB mutants 
in the absence of co-expressed ligand (RIE-1 
cells have undetectable levels of BDNF) were 
briefly stimulated with recombinant human 
BDNF. Subsequently, TRKB was analyzed for 
the presence of phosphorylated tyrosine 
residues as a consequence of ligand-induced 
receptor cross-phosphorylation. Only wild-
type TRKB receptor and the ∆Ig-1 mutant 
showed strong phosphorylation of tyrosine 
residues upon stimulation with BDNF 
(Figure 2A). In contrast, the kinase-inactive 
K588M mutant and T1 splice variant, as well 
as the ∆LRM, ∆Ig-2 and ∆Ig-1+2 mutants 
failed to show receptor phosphorylation 
upon ligand stimulation. As expected, the 
constitutively active TPR-TRKB mutant 
contained phosphotyrosine irrespective of 
the presence of ligand (Figure 2A).

We have shown previously that TRKB signaling 
involves the activation of protein kinase B 
(PKB/AKT) in a PI3K-dependent manner, and 
that this represents a critical property of TRKB 
in mediating anoikis suppression (Douma 
et al, 2004). Therefore, we determined the 
ability of the TRKB mutants to activate AKT 
in response to stimulation with recombinant 
BDNF. Consistent with our previous data 
(Douma et al, 2004), wild-type TRKB 
stimulated the activation of AKT, as judged by 
the phosphorylation of the latter on residue 
Ser473 (Figure 2B). Similarly, the ∆Ig-1 mutant 
stimulated activation of AKT. By contrast, all 
other mutants failed to activate AKT upon 
ligand stimulation. Of note, we were unable 
to detect significant activation of AKT by 
TPR-TRKB. However, in contrast to the short-
term stimulation with exogenous ligand, 
TPR-TRKB signals constitutively. It might 
therefore be subject to regulatory (negative) 
feedback signaling loops, resulting in a low 
but sustained level of AKT activation. In 

summary, these results indicate that deletion 
of the extracellular LRM and Ig-2, but not 
Ig-1, domains interferes with BDNF-mediated 
stimulation of TRKB as well as activation 
by TRKB of one of its primary downstream 
effectors, AKT. This implies that for these 
mutants, we are unable to distinguish any 
direct roles of the particular domains in 
mediating cell adhesion from mediating 
ligand-induced kinase activity. Although we 
did include the full set of mutants in all of 
our subsequent in-vitro and in-vivo functional 
assays, we therefore focused our attention on 
the role of kinase activity of TRKB.

To ensure that the kinase-defective TRKB 
mutants properly localized at the plasma 
membrane, we assessed their intracellular 
distribution by immunofluorescence and 
confocal microscopy analysis. Although 
specific signal was detected only in a small 
proportion of the cells, there were no 
significant differences between wild-type 
TRKB, T1 and K588M, which all showed 
enriched staining at the plasma membrane 
(Figure 2C). As expected, TPR-TRKB, 
which contains no signal peptide and 
no transmembrane domain, was evenly 
distributed throughout the cytoplasm. A 
second, independent approach using cell 
surface protein biotinylation (Daniels and 
Amara, 1998) lead to the same findings: 
membrane localization of wild-type TRKB, 
K588M and T1 and intracellular localization 
of TPR-TRKB (data not shown). These results 
allowed us to address the contribution of the 
kinase domain versus the adhesion domains 
to TRKB’s functions in vitro and in vivo.

TRKB kinase activity is required 
and sufficient for morphological 
transformation and anoikis suppression
Consistent with our previous results (Douma 
et al, 2004), expression of wild-type TRKB 
in conjunction with BDNF led to a dramatic 
morphological transformation of RIE-1 cells 
(Figure 3). Specifically, TRKB-expressing 
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Figure 3:  TRKB kinase activity is required and 
sufficient for morphological transformation 
Morphology of adherently proliferating polyclonal 
RIE-1 cell pools stably co-expressing BDNF (except for 
TPR and TPR-TRKB) and TRKB mutants as indicated (at 
50x magnification). 

although it was expressed to low levels and 
in the absence of co-expressed ligand. The 
∆Ig-1 mutant showed the same functional 
phenotype as wild-type TRKB, whereas 
∆LRM, ∆Ig-2 or ∆Ig-1+2 failed to induce a 
morphological change (Figure 3). These 
results indicate that TRKB kinase activity 
is both required and sufficient to induce 
morphological transformation of epithelial 
cells.

The mechanism by which TRKB-expressing 
cells form viable aggregates in suspension is 
unknown (see introduction). To address the 
relative roles of TRKB’s kinase function and 
of its extracellular adhesion motifs in this 
process, we determined the ability of RIE-1 
cells expressing our set of TRKB mutants to 
survive in suspension. Parental RIE-1 cells 
failed to survive upon seeding into Ultra-
Low Cluster (ULC) plates and massively 
underwent apoptosis, as judged by visual 
inspection (Figure 4A), total protein content 
(Figure 4B) and apoptosis analysis by FACS 
(Figure 4C). Consistent with our previous 
results (Douma et al, 2004), epithelial cells 
expressing ligand-activated wild-type TRKB 
survived in suspension. Furthermore, these 
cells continued to proliferate, forming large 
cell clusters and markedly changing the color 
of the culture medium. Similarly, TPR-TRKB 
and ligand-activated ∆Ig-1 mutant rendered 
RIE-1 cells anoikis-resistant, with continued 
proliferation and formation of cellular 
aggregates in suspension. By contrast, all 
other mutants analyzed were unable to 
suppress anoikis and the cells underwent 
massive apoptosis in suspension, comparable 
to cells transduced with empty vector. These 
results demonstrate that, just as we observed 
for morphological transformation, anoikis 
resistance requires the TRKB kinase domain to 
be intact and active, whereas, unexpectedly, 
its extracellular domains are completely 
dispensable. Of note, in all cases where 
anoikis was suppressed, (mutant) TRKB-
expressing cells grew in the form of large 
cellular aggregates. 

cells largely lost their cell-cell contacts and 
acquired a spindle-shaped morphology. In 
contrast, both TRKB kinase-defective mutants, 
T1 and K588M, failed to induce morphological 
transformation. The constitutively active 
TPR-TRKB mutant did transform cells, 
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Figure 4:  TRKB kinase activity is required and sufficient for anoikis suppression
(A) 1*106 cells of cell pools stably co-expressing BDNF (except for TPR and TPR-TRKB) and TRKB mutants as 
indicated were seeded into ULC cell culture plates and scanned at 1x magnification or photographed at 50x 
magnification 7 days later. (B) Quantification of the results shown in panel (A) by measuring the total cellular 
protein amounts. Average values of three independent experiments are shown and error bars indicate standard 
deviations. (C) Apoptosis was analyzed by DiOC6 staining (a measure of mitochondrial membrane potential) and 
FACS analysis. Left- and right-hand peaks indicate apoptotic and living cells, respectively.
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Finally, we wished to assess whether the 
extracellular adhesion domains of TRKB are 
required for its metastatic properties. To 
this end, we did an experimental metastasis 

TRKB kinase activity is required 
and sufficient for oncogenicity and 
experimental metastasis
Although our previous observations suggested 
that the abilities of TRKB to suppress anoikis 
and to induce tumors were functionally 
linked (Douma et al, 2004), our set of mutants 
offered a powerful tool to study this in more 
detail. Therefore, we assessed the capability 
of the various TRKB mutants to induce tumors 
in vivo. As TRKB-expressing cells are highly 
tumorigenic (Douma et al, 2004), we used a 
relatively small amount of cells to increase 
the likelihood of detecting any difference in 
oncogenic potential of the mutants. To this 
end, 1*104 cells co-expressing (mutant) TRKB 
and BDNF were injected subcutaneously into 
both flanks of Balb/c nude mice, which were 
subsequently monitored for the appearance 
of tumors. Mice that had received cells 
expressing wild-type TRKB, TPR-TRKB or ∆Ig-1 
developed rapidly growing tumors, reaching 
a size of about 1 cm3 within 23-34 days 
(Figure 5A). Given the small amount of cells 
we used, as well as the fact that the empty 
vector- or TPR-expressing cells were devoid 
of any tumorigenic activity, this confirmed 
the marked oncogenic potential of TRKB. 
Although we observed small differences 
between the tumorigenicity of TPR-TRKB and 
∆Ig-1 relative to wild-type TRKB, only these 
three forms of TRKB were highly oncogenic, 
in contrast to all the other TRKB mutants. Of 
note, when we inoculated ten times more 
cells, K588M, ∆LRM, ∆Ig-2 and ∆Ig-1+2 (but 
not T1) expressing cells did produce tumors, 
but with much longer latencies (between 48 
and 71 days, compared to 18-21 days for wild-
type, ∆Ig-1 and TPR-TRKB expressing cells) 
and with lower penetrance (data not shown). 
These results indicate, in line with our in-vitro 
observations described above, that TRKB 
kinase activity is both required and sufficient 
for tumorigenicity. Similar to our findings, 
the TRKA oncogene requires kinase activity 
for oncogenic transformation of NIH 3T3 
fibroblasts (Coulier et al, 1989; Mitra, 1991).
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Figure 5:  TRKB kinase activity is required and 
sufficient for oncogenicity and experimental 
metastasis 
(A) 1*104 RIE-1 cells expressing TRKB mutants and BDNF 
(except for TPR and TPR-TRKB) were subcutaneously 
injected into both flanks of Balb/c nude mice (n=6 for wt, 
TPR-TRKB and ∆Ig-1; n=3 for all other mutants), which 
were subsequently monitored for tumor formation. 
Kaplan-Meier plots are shown. The numbers indicated 
in brackets represent the number of growing tumors 
out of the total number of injection sites per cell line. (B) 
1*106 RIE-1 cells expressing the indicated TRKB mutants 
and BDNF (except for TPR-TRKB) were intravenously 
injected via tail veins of Balb/c nude mice (n=5 for each 
cell line). Photographs show dissected lungs 13 to 15 
days after inoculation. Numbers indicate numbers of 
mice with macroscopic lesions on their lungs out of the 
total numbers of injected mice. On the top a picture of 
a normal lung is shown for comparison.
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with CEP-751 and CEP-701 showed impaired 
tumor growth of cell lines from neuroblastoma 
and medulloblastoma (Evans et al, 2001) and 
from prostate (Dionne et al, 1998; George et al, 
1999), and pancreatic tumors (Miknyoczki et 
al, 1999a). However, unmasking the relevant 
target involved in these settings has not 
always been straightforward, mainly because 
of the lack of specificity of the inhibitor. K252a, 
CEP-751 and CEP-701 block not only TRKA, 
TRKB and TRKC but also other kinases including 
FLT3, MET and RET, which can all contribute to 
tumorigenesis (Levis et al, 2002; Morotti et al, 
2002; Strock et al, 2003). The antitumorigenic 
effect of the inhibitors could therefore be 
caused by inhibition of any or several of 
these kinases. Recently, lestaurtinib (CEP-701) 
has been used in phase I/II clinical trials for 
acute myeloid leukemia (AML) because of its 
inhibitory effect on FLT3 (Smith et al, 2004). 
Phase II clinical trials based on TRK inhibition 
have not been reported so far. Attempts 
are now being made to develop new TRKB 
inhibitors. We propose that anoikis resistance 
could thereby represent a useful readout 
for screening inhibitors of TRKB function. 
The strict correlation we observed between 
anoikis suppression, tumor formation and 
experimental metastasis (Table I) predicts 
that compounds effective against anoikis 
suppression could also impair TRKB-driven 
oncogenicity. 

Our finding that TRKB kinase activity is 
sufficient for tumorigenesis and experimental 
metastasis suggests that kinase-activating 
TRKB mutations could endow TRKB with 
oncogenic properties. Recent large-scale 
mutational analysis studies have revealed 
point mutations in TRKB in colon carcinoma 
(Bardelli et al, 2003) and lung adenocarcinoma 
(Davies et al, 2005; Greenman et al, 2007), 
although their oncogenic significance is as yet 
unclear.

TRKB causes cells to form large aggregates 
when seeded as suspension cultures (Douma et 
al, 2004; and this study). It has been suggested 

assay, in which several steps of metastasis (i.e. 
extravasation, seeding of micrometastases 
and outgrowth of macrometastases) can 
be mimicked by injecting tumor cells 
intravenously. We inoculated 1*106 RIE-1 cells 
expressing wild-type TRKB, TPR-TRKB or ∆Ig-1 
via the tail vein of nude mice and inspected 
the lungs for the presence of tumor lesions. 
Multiple foci were apparent on the lungs 
of all animals 13 to 15 days after injection 
(Figure 5B), indicating that TRKB kinase activity 
is not only sufficient for bringing about anoikis 
resistance and tumor formation, but also for 
experimental metastasis.

Discussion

On the basis of the structure-function analysis 
presented here, we conclude that kinase 
activity is required for TRKB to induce anoikis 
suppression in vitro and to produce tumors 
with metastatic capacity in vivo. Unexpectedly, 
we found that an artificially activated TRKB 
mutant completely lacking its extracellular 
adhesion motifs performed as well as ligand-
activated wild-type TRKB in all our in-vitro and 
in-vivo assays. Together, these results reveal 
that TRKB’s adhesion motifs are not strictly 
required for its oncogenic function, but that 
its kinase domain is indispensable.

Several studies suggest that TRKB may drive 
tumorigenicity and metastasis in a number of 
different human malignancies (Nakagawara 
et al, 1994; Dionne et al, 1998; Miknyoczki 
et al, 1999b; Eggert et al, 2001; Rubin and 
Segal, 2003; Brodeur, 2003; Pearse et al, 2005; 
Renne et al, 2005; Sclabas et al, 2005). As a 
consequence, TRKB has been proposed to 
represent a target for anticancer therapy 
(Ruggeri et al, 1999; Geiger and Peeper, 2005; 
Desmet and Peeper, 2006). Indeed, two 
compounds, CEP-751 and CEP-701/lestaurtinib 
(derivatives of the alkaloid K252a) have been 
developed as inhibitors of pan-TRK kinase 
activity (George et al, 1999; Miknyoczki et al, 
1999a). Xenograft experiments in mice treated 
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suppression, whereas kinase signaling is 
sufficient to mediate both anoikis suppression 
and aggregate formation. Of course, our 
observations do not rule out the possibility 
that in the context of an intact TRKB receptor, 
the extracellular domains contribute not just 
to ligand binding but also to other functions, 
thereby cooperating with kinase-dependent 
functions. We conclude that aggregate 
formation is an indirect TRKB-induced 
effect, mediated by cell-intrinsic TRKB kinase 
signaling. It will be important to analyze how 
this is mediated, e.g. by the activation and/or 
induction of specific adhesion molecules. It is 
remarkable that in all cases in which cells were 
able to survive in suspension, they formed 
large aggregates. This observation suggests 
an important role for cellular adhesion in 
anoikis resistance. It is in agreement with 
previous suggestions that cell-cell interactions 
are crucial for the survival of cells in “foreign” 
environments (Liotta et al, 1976; Meredith et 
al, 1993; Frisch and Francis, 1994; Friedl et al, 
1995; Bates et al, 2000; Liotta and Kohn, 2001). 
It also raises the possibility that this particular 
function represents a target for therapeutic 
approaches aimed at reducing tumor cell 
survival.

that its extracellular domains, in particular the 
LRM and Ig-like domains, mediate adhesion 
functions (Schneider and Schweiger, 1991; 
Zhou et al, 1997). As such, these domains 
could contribute to or even drive cellular 
aggregate formation. Consistent with this 
prediction, we observed that the ∆LRM, ∆Ig-2 
and ∆Ig-1+2 extracellular domain mutants 
failed to suppress anoikis. However, these 
mutants also failed to activate TRKB kinase 
signaling in response to BDNF. Therefore, the 
analysis of those mutants did not allow us 
to discriminate between the contribution 
of kinase activity and “direct” cell adhesion 
function in mediating anoikis resistance. This 
issue was solved when we studied the role of 
TRKB kinase activity. The TPR-TRKB mutant 
(completely lacking all extracellular domains) 
appeared as capable as BDNF-activated wild-
type TRKB in mediating anoikis resistance and 
stimulating the formation of large cellular 
aggregates when maintained as suspension 
cultures. Conversely, the two TRKB mutants 
lacking ligand-induced kinase activity (K588M 
and T1) failed to bring about anoikis resistance, 
although their extracellular domains were 
intact. Thus, in the context of an activated 
TRKB receptor, there is no critical requirement 
for the extracellular domains in anoikis 

Table I:  Summary of the phenotypes of all TRKB mutants analyzed in vitro and in vivo

Kinase 
activity

Activation 
of AKT

Morphological 
transformation

Anoikis 
suppression

Aggregation 
in suspension

Tumor 
formation

Experimental 
metastasis a

Vector - - - - - - n.d.

wt + + + + + + +

T1 - - - - - - n.d.

K588M - - - - - - n.d.

TPR - - - - - - n.d.

TPR-TRKB + (-) + + + + +

ΔLRM - - - - - - n.d.

ΔIg-1 + + + + + + +

ΔIg-2 - - - - - - n.d.

ΔIg-1+2 - - - - - - n.d.

a n.d. = not determined
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the entire Ig-1 domain including part of the 
second cystein-rich stretch). We constructed 
the ∆LRM, ∆Ig-2 and ∆Ig-1+2 mutants by 

“overlap extension PCR” (Haapasalo et al, 
2002). First, fragments 5’ and 3’ of the desired 
breakpoints and with overlapping extensions 
were PCR-amplified. Subsequently, we did 
a PCR reaction with the two fragments 
at equimolar ratios to create a template, 
which was amplified with TRKB-forward and 
TRKB-reverse primers, thereby fusing the 5’ 
and 3’ input fragments. The TRKB-forward 
primer used was: 5’-CGCGGATCCACCAT-
GTCGTCCTGGATAAGG-3’, TRKB-reverse 
primer was: 5’-CGCGGTCGACCTAGCCTA-
GAATGTCCA-3’. The breakpoint forward 
primers used were: ∆LRM: 5’-CTAACAGTGTA-
GATCCTGAG*CCATTTACATGCTCCTGTGAC-3’, 
∆Ig2: 5’-GAGAAGATCAAGATTCTGTC*CACTT-
CATGGGCTGGCCTGG-3’, ∆Ig-1+2: 5’-GTGGT-
TTGCCATCTGCAAAT*CACTTCATGGGCTGGC-
CTGG-3’ (* indicating the breakpoint), resulting 
in TRKB-internal fusions linking amino-acid 
residues E66 to P149 for ∆LRM, V279 to 
H377 for ∆Ig-2 and N200 to H377 for ∆Ig-1+2. 
Similarly, the TPR-TRKB fusion was constructed 
by PCR amplification of the N-terminus of 
TPR-MET (a kind gift from C. Ponzetto, see 
Ponzetto et al, 1994) and the C-terminus of 
human TRKB with a sequence-overlapping 
stretch of 42 base pairs. The subsequent 
PCR with both fragments as templates and 
with TPR-forward and TRKB-reverse primers 
resulted in a construct fusing amino-acids 
M1-T142 of TPR(-MET) to I518-G838 of TRKB, 
which resembles the naturally occurring 
TPR-TRKA oncogene product (Greco et al, 
1992). Primer sequences were: TPR-forward 
primer: 5’-CGCGGATCCGCGCTCCGCTTC-
TACCCCGTCGG-3’, TPR-TRKB fusionpoint 
forward primer: 5’-CAAGAACTTGAATAC-
T TA ACA*AT TAT TGGA ATGACCA AGATC-3’
TPR-only was cloned by PCR amplification of 
the N-terminus of TPR-MET with TPR-forward 
(see above) and TPR-reverse (5’-GGCGAAT-
TCGCC C T A T G T T A A G T A T T C A A G T T C T -
TG-3’) primers. All mutants were subcloned 
into pBP. All plasmids were sequence-verified.

In conclusion, we show that TRKB-induced 
anoikis resistance and tumorigenesis are 
consequences of TRKB kinase signaling 
activity. As TRKB is overexpressed in a variety 
of human malignancies, our results imply that 
the development of inhibitors of TRKB kinase 
signaling is justified. Furthermore, given 
the strict correlation between the ability of 
TRKB to induce cellular aggregation and its 
tumorigenic potential, our results indicate 
that it will be interesting to determine the 
role and mechanism of TRKB-induced cell-cell 
adhesion in these settings. Any causal role for 
TRKB-activated regulators of cell adhesion in 
tumorigenesis and metastasis might present 
us with additional targets for therapeutic 
intervention. 

Materials and Methods

Vector constructs
Human TRKB receptor (also called NTRK2, 
GenBank accession number NM_006180) 
was cloned by reverse transcription-PCR 
(RT-PCR) from cDNA derived from SY5Y cells. 
Human BDNF (NM_170735) was cloned from 
cDNA derived from IMR32 neuroblastoma 
cells. TRKB and BDNF were subcloned into the 
retroviral pBabe-Puro (pBP) and pBabe-Hygro 
(pBH) vectors, respectively (Morgenstern 
and Land, 1990). The C-terminally truncated 
rat TRKB-T1 receptor (accession number 
M55292) was a kind gift from T. Hunter 
(Middlemas et al, 1991). The K588M mutant, 
harboring a point-mutation in the kinase 
domain, was generated by site-directed 
mutagenesis (Stratagene) according to the 
manufacturer’s instructions and using a 
5’-CTTGGTGGCAGTGATGACCCTGAAGGAT-
GC-3’ and complementary primer pair (the 
bold letter indicating the base substitution A 
to T). The ∆Ig-1 mutant was generated by a 
partial restriction digest of pCR2.1-TRKB with 
SspI, a full digest with HinCII and subsequent 
re-ligation, leading to an in-frame deletion 
of base-pairs 550 to 837 (corresponding to 
amino-acid residues I184 to V279, deleting 
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medium containing 1.5 µg/ml puromycin. To 
induce anoikis we seeded freshly trypsinized 
cells (1*106) into Ultra Low Cluster (ULC) six-
well cell culture dishes (Costar). Photographs 
were taken with a Sony DSC-75 digital camera 
and ULC plates were scanned on an Epson 
expression 1680 Pro scanner. Total protein 
amounts were measured as described 
above. Apoptosis was measured as described 
before (Douma et al, 2004). In brief, cells 
were seeded into ULC plates and after 3 days 
incubated for 10 minutes at 37°C in PBS with 
DiOC6 (a fluorescing dye that accumulates 
in mitochondria as a function of membrane 
potential; Molecular Probes). Subsequently, 
cells were analyzed by Fluorescence-Activated 
Cell Sorting (FACS). 

Stimulation with BDNF
Cells were serum-starved overnight. The 
following day, we stimulated the cells 
for 5 minutes with serum-free DMEM 
supplemented with 100 ng/ml recombinant 
human BDNF (Peprotech). To inhibit PI3K 
activity, we pre-incubated serum-starved 
cells with 20 µM LY294002 (Calbiochem) for 
30 minutes and subsequently treated them 
with serum-free medium containing 100 ng/
ml recombinant human BDNF plus 20 µM 
LY294002 inhibitor. 

Immunofluorescence
Cells were grown on glass coverslips, fixed in 
4% formaldehyde in PBS (or methanol:ethanol 
1:1, for staining with C-13 antibody), 
permeabilized with 0,2% triton-X and blocked 
with PBS + 0,2% tween + 5% normal goat serum 
for 30 min. Coverslips were then incubated 
with either pan-TRK antibody (C-14), diluted 
1:200 in blocking solution or with TRKB [TK-] 
antibody (C-13), diluted 1:100 for 1 hour at 
room temperature. After washing with PBS + 
0,2% tween we incubated the cells with Alexa 
Fluor 488 goat-anti-rabbit secondary antibody 
(1:1000 for 1 hour) and with TO-PRO (1:500 
for 15 min) (both from Molecular Probes). 

Immunoblotting, immunoprecipitation 
and antibodies 
Cell pellets were lysed and sonicated in PBS 
+ 1% Nonidet-P40, 0.5% deoxycholate, 0.1% 
SDS and protease inhibitors (Roche). When 
appropriate, a mix of phosphatase inhibitors 
(1 mM sodium pyrophosphate, 2 mM 
sodium fluoride, 10 mM β-glycerophosphate, 
2 mM orthovanadate) was added. Protein 
concentrations were measured by BioRad 
Protein Assay. Immunoblot analysis was 
performed with the following antibodies: 
pan-TRK (C-14, Santa Cruz), TRKB (H181, Santa 
Cruz), phospho-tyrosine (4G10, Upstate), 
phospho-AKT (Ser473, Cell Signaling), AKT1/2 
(H-136, Santa Cruz) and α-tubulin (DM 1A, 
Sigma). All antibodies were used in a 1:1000 
dilution, except α-tubulin, which was diluted 
to 1:3000. Phospho-tyrosine and phospho-
AKT antibodies were diluted in 4% BSA, all 
other antibodies in 4% skimmed milk. For 
immunoprecipitation, equal amounts of 
lysates were incubated with 0.5 µg pan-TRK 
(or TRKB [TK-] (C-13, Santa Cruz) for the T1 
splice variant) antibody for 2h at 4°C. Proteins 
were immobilized with Protein A sepharose 
beads, washed four times with lysis buffer and 
immunoblotted for analysis.

Cell culture, retroviral transduction and 
anoikis assays 
RIE-1 cells (a kind gift from R.D. Beauchamp 
and K.D. Brown) were cultured in Dulbecco’s 
modified Eagle’s Medium (DMEM) (Gibco) 
supplemented with 9% fetal calf serum 
(Greiner bio-one) and penicillin+streptomycin 
(Gibco). Ecotropic retrovirus was produced in 
Phoenix packaging cells (http://www.stanford.
edu/group/nolan/retroviral_systems/phx.
html). We transduced RIE-1 cells with viral 
supernatant for pBH-BDNF or empty vector, in 
the presence of 3.5 µg/ml polybrene (Sigma). 
Cells were subsequently selected with 110 µg/
ml hygromycin B (Calbiochem). pBH-BDNF (or 
pBH for TPR and TPR-TRKB)-transduced RIE-1 
cell pools were superinfected with retrovirus 
for the various TRKB mutants and selected in 
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Cancer originates from cells that have acquired mutations in genes critical for controlling 
cell proliferation, cell survival and cell differentiation. Often, tumors continue to depend 
on these so-called driver mutations, which provides the rationale for targeted anticancer 
therapies, for example against the BCR-ABL fusion oncoprotein or overexpressed and 
mutated ERBB2. To identify more cancer driver mutations, large-scale sequencing 
efforts have been undertaken, which have revealed hundreds of mutations in human 
tumors. However, without their functional validation it remains unclear whether they 
correspond to driver, or rather bystander, mutations and whether the mutated gene 
represents a target for therapeutic intervention. In human colorectal tumors, the 
neurotrophic receptor TRKB has been found mutated on two different sites in its kinase 
domain: TRKBT695I and TRKBD751N (Bardelli et al, 2003). Another site, in the extracellular 
part of TRKB, is mutated in a human lung adenocarcinoma cell line: TRKBL138F (Davies et al, 
2005). Furthermore, our own analysis has identified one additional TRKB point mutation 
proximal to the kinase domain (TRKBP507L, this study) in a human melanoma cell line. The 
functional consequences of all these point mutations, however, have so far remained 
elusive. Previously, we have shown that, depending on its kinase activity, TRKB is a 
potent suppressor of anoikis (apoptosis induced by inappropriate cell adhesion) and that 
TRKB-expressing cells form highly invasive and metastatic tumors in nude mice. As two 
of the identified TRKB point mutation lie within the kinase domain and may affect kinase 
activity, these mutations could, in principle, be oncogenic and act as driver mutations. 
To assess the functional consequences of the four TRKB mutations, we determined their 
potential, relative to that of wild-type TRKB, to suppress anoikis and to form tumors in 
nude mice. Unexpectedly, both colon cancer-derived mutants TRKBT695I and TRKBD751N 
displayed reduced activity compared to that of wild-type TRKB in non-transformed as 
well as in tumor cell lines. Consistently, upon stimulation with the TRKB ligand BDNF, 
these mutants were impaired in triggering TRKB autophosphorylation and in activating 
its downstream effectors AKT and ERK. The two mutants derived from human tumor cell 
lines (TRKBL138F and TRKBP507L) were functionally indistinguishable from wild-type TRKB in 
both in-vitro and in-vivo assays. In conclusion, within the limitations of our experimental 
cell system, we fail to detect any gain-of-function of four TRKB point mutations identified 
in human colorectal tumors and in tumor cell lines.
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Thomas R. Geiger1, Ji-Ying Song2, Aranzazu Rosado1, Cristina Martinez-Muñoz3 
and Daniel S. Peeper1

Functional Characterization of Human Cancer-
derived TRKB Mutants



76

4

gastrointestinal stromal tumors (GIST) (Rubin 
et al, 2001). In both diseases, blocking the 
corresponding kinases with imatinib triggers a 
clinical response (Druker et al, 2001; Demetri 
et al, 2002). Furthermore, targeting the 
Receptor Tyrosine Kinase (RTK) ERBB2 (also 
named HER-2/NEU) with the monoclonal 
antibody trastuzumab is effective in breast 
cancer patients with ERBB2 overexpression 
(Slamon et al, 2001; Romond et al, 2005; 
Piccart-Gebhart et al, 2005). The critical role 
for oncogenic mutations is illustrated by the 
example of epidermal growth factor receptor 
(EGFR/ERBB1) in Non Small Cell Lung Cancer 
(NSCLC), where only a subset of patients 
responds to the EGFR inhibitor gefitinib. 
Sequencing analyses revealed that responsive 
tumors harbor specific mutations in EGFR, 
which increase the activation of EGFR by EGF 
(Lynch et al, 2004).

These and other examples illustrate that the 
identification of oncogenes critically required 
for tumor cell proliferation and survival can 
allow for effective anticancer therapeutics. 
Therefore, several research groups have 
started systematic large-scale sequencing 
analyses to find additional genes that are 
mutated in cancer. Researchers at the Sanger 
Institute were the first ones to report on a 
gain-of-function mutation of the BRAF kinase 
in a large proportion of melanoma and several 
other cancers (Davies et al, 2002). In 2003, the 
group of Vogelstein, Kinzler and Velculescu 
systematically sequenced the kinase domains 
of all tyrosine kinases in a collection of human 
colorectal cancers and found 7 out of 138 
genes analyzed to be mutated in more than 
one tumor (Bardelli et al, 2003). The same 
group subsequently analyzed more than 1000 
different genes in breast and colon cancer 
(Sjoblom et al, 2006). Stratton, Futreal and co-
workers at the Sanger Institute sequenced 518 
full-length kinases in lung tumors and tumor 
cell lines (Davies et al, 2005). This analysis 
was extended in 2007 when the full kinome 

Introduction

Cancer is a genetic disease caused by somatic 
mutations in proto-oncogenes and in tumor 
suppressor genes (Vogelstein and Kinzler, 
2004). These genes normally control several 
vital processes including cell proliferation, 
survival or differentiation (Futreal et al, 2004). 
Their mutation can endow tumor cells with a 
selective advantage over their neighboring 
cells, resulting in clonal expansion and 
neoplasia. Ongoing acquisition of genetic 
aberrations and the expansion of cell 
clones with increased oncogenic potential 
subsequently leads to tumor progression 
(Vogelstein and Kinzler, 2004; Talmadge, 2007). 
Although tumors usually harbor multiple 
genetic aberrations (Vogelstein and Kinzler, 
2004), inhibition of one or a few gene products 
can be sufficient to largely suppress tumor cell 
proliferation or viability. It appears as if the cells 
are “addicted” to those altered oncogenes and 
tumor suppressor genes (Weinstein and Joe, 
2008). The proposed mechanism underlying 
oncogene addiction is thought to be based 
on a re-wiring of the intracellular signaling 
networks, which compensates for genotoxic 
stress and thereby ensures homeostasis of the 
tumor cell (Weinstein et al, 1997). This may 
be necessary because oncogenes and tumor 
suppressor genes often have pleiotropic 
functions as they can act in complex signaling 
networks. In other words, a cancer gene can 
have, for example, both growth-promoting 
and pro-apoptotic functions. The dependency 
of tumor cells on certain signaling pathways 
can offer an “Achilles’ heel” of cancer, which 
can be targeted for anticancer therapy 
(Weinstein and Joe, 2006). Based on this 
concept several novel therapeutics have 
recently been developed and are used in 
the clinic (Sawyers, 2004). For example, the 
BCR-ABL fusion oncoprotein causes Chronic 
Myeloid Leukemia (CML) and can be inhibited 
by imatinib mesylate (or “Gleevec”/”Glivec”; 
Buchdunger et al, 1996). The same compound 
inhibits also the KIT proto-oncogene 
product, which is frequently mutated in 
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isoleucine (TRKBT695I) and the aspartate residue 
751 by asparagine (TRKBD751N), respectively 
(Bardelli et al, 2003) (the numbering of all 
nucleotide and amino acid sequences refers 
to the coding sequence of the full length 
human TRKB transcript, GenBank accession 
number NM_006180). Another TRKB point 
mutation, C412T, substituting leucine 138 by 
phenylalanine (TRKBL138F), was identified in 
the lung adenocarcinoma cell line NCI-H2009 
(Davies et al, 2005). This mutation lies within 
the leucine-rich domain of the extracellular 
part of the receptor, which has been shown 
to be required for binding of the TRKB ligand 
brain-derived neurotrophic factor (BDNF) and 
activation of the TRKB receptor (Windisch et al, 
1995; Ninkina et al, 1997; Geiger and Peeper, 
2007). We confirmed the presence of this 
mutation by sequencing genomic DNA (gDNA) 
isolated from NCI-H2009 cells (Figure 1A). 
The presence of a double peak (thymidine 
and cysteine) indicates that the mutation is 
heterozygous, consistent with the original 
report (Davies et al, 2005). To search for more 
cancer-associated TRKB point mutations we 
sequenced the exons comprising the TRKB 
kinase domain from genomic DNA of 28 human 
tumor cell lines (data not shown). This analysis 
revealed only one TRKB point mutation, in the 
MDA-MB-435 melanoma cell line. (The MDA-
MB-435 cell line seems to have been classified 
wrongly in the past (Lacroix, 2008). Whereas 
it was originally isolated from a patient with 
breast cancer (Cailleau et al, 1978; Brinkley et 
al, 1980), recent analysis indicated that the 
currently available cell line is of melanoma 
origin (Ross et al, 2000; Rae et al, 2007)). The 
TRKB mutation identified in MDA-MB-435 cells 
is C1520T, resulting in a substitution of proline 
507 with leucine (TRKBP507L). In this case, the 
sequencing of gDNA revealed a single peak 
only (Figure 1B), which was also present in 
cDNA produced from reverse-transcribed 
mRNA, suggesting that the mutation is 
homozygous and expressed. The P507 residue 
lies at the border of the kinase domain in the 
intracellular part of the receptor. Figure 1C 
shows a schematic overview of the positions 

of 10 different cancer types was sequenced 
(Greenman et al, 2007). These and other 
analyses have identified hundreds of novel 
somatic mutations in different malignancies. 
However, the functional consequences of 
these mutations remain largely elusive. To 
select the appropriate targets for future 
targeted therapies, it will be necessary to 
test experimentally which of these mutations 
are oncogenic and on which mutated genes 
tumors depend.

We chose to investigate the neurotrophic 
receptor TRKB (NTRK2), for which three 
somatic, non-synonymous point mutations 
have been reported in the studies mentioned 
above (Bardelli et al, 2003; Davies et al, 2005), 
while our own analysis revealed another TRKB 
point mutation in a human melanoma cell 
line. Previously, we have shown that TRKB 
is a potent suppressor of anoikis (apoptosis 
induced by inappropriate cell adhesion) in rat 
epithelial cells, and that TRKB-overexpressing 
cells form highly invasive and metastatic 
tumors in nude mice (Douma et al, 2004). 
Furthermore, a structure-function analysis 
showed that all these functions depend on 
TRKB kinase activity in this experimental 
system (Geiger and Peeper, 2007; chapter 3). 
As two of the identified TRKB point mutations 
map within the kinase domain, possibly 
affecting its enzymatic activity, they may 
act oncogenically and correspond to driver 
mutations. The aim of this study was to assess 
the functional consequences of these cancer-
derived TRKB point mutations.

Results

Identification of human cancer-derived 
TRKB point mutants and stable expression 
in rat epithelial cells 
Two non-synonymous point mutations within 
the kinase domain of the TRKB gene have 
been discovered in colorectal tumors: C2084T 
and G2251A, resulting in amino acid changes 
replacing the threonine residue 695 by 
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Figure 1:  Identification of human cancer-
derived TRKB point mutants and stable 
expression in rat epithelial cells
(A) Sequencing analysis of gDNA from 
NCI-H2009 cells harboring the TRKBL138F 
mutation. Asterisks (*) indicate the mutated 
base. (B) Sequencing analysis of gDNA (left 
hand panel) and cDNA (right hand panel) 
from MDA-MB-435 cells harboring the 
TRKBP507L mutation. (C) Schematic overview 
of all cancer-derived TRKB point mutations 
analyzed in this study. LRM: Leucine-Rich 
Motif, Ig-1: Immunoglobulin-like domain 1, 
Ig-2: Immunoglobulin-like domain 2, TM: 
transmembrane domain. Numbers indicate 
positions of aminoacid residues. (D) Expression 
levels of mutant or wild-type TRKB in RIE-1 cells, 
analyzed on immunoblot (IB). α-tubulin serves 
as loading control. (E) Cell surface biotinylation 
assay showing that at least a significant 
fraction of all TRKB mutants localizes to the 
cell membrane. Total cell surface proteins 
were biotinylated with Sulfo-NHS-LC-Biotin, 
lysed and TRKB was immunoprecipitated (IP). 
After gel electrophoresis, biotinylated TRKB 
was visualized with streptavidin-HRP and total 
TRKB with TRK antibody. On the right hand side 
the specificity of the assay is demonstrated, as 
wild-type TRKB, but not cytosolic, truncated 
TPR-TRKB (Geiger and Peeper, 2007) or non-
biotinylated wild-type TRKB, is recognized by 
streptavidin. Arrowhead indicates full-length 
TRKB.
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the absence (or with reduced levels) of BDNF. 
However, when we tested the various TRKB 
mutants in the absence of co-expressed ligand, 
none of them induced a spindle-shaped 
cell morphology (Figure 2A for RIE-1 cells, 
Supplementary Figure 1B for RK3E cells) or 

of all human cancer-derived TRKB point 
mutations analyzed in this study.

We assessed whether these four cancer-
derived TRKB point mutations are gain-of-
function mutations that are associated with 
increased oncogenic potential. We performed 
this analysis in rat epithelial cells first, 
because these cells are highly sensitive to 
TRKB-mediated transformation, resulting in a 
dramatic change of cell morphology, anoikis 
resistance and metastatic tumor formation 
in nude mice (Douma et al, 2004; Geiger and 
Peeper, 2007; chapters 3&5). To this end, we 
cloned wild-type and mutant TRKB into the 
retroviral pBabe-puro expression vector and 
transduced rat intestinal epithelial (RIE-1) 
cells as well as E1A-immortalized rat kidney 
epithelial (RK3E) cells. As a negative control, 
we expressed a kinase-inactive mutant of 
TRKB, TRKBK588M, which fails to oncogenically 
transform RIE-1 cells (Geiger and Peeper, 
2007; chapter 3). We confirmed by western 
blot analysis that all TRKB mutants were 
expressed to similar levels as wild-type TRKB 
(Figure 1D for RIE-1 cells, Supplementary 
Figure 1A for RK3E cells). Consistent with 
our previous observations, we detected 
TRKB as more than one species (Geiger and 
Peeper, 2007; chapter 3), possibly reflecting 
differential glycosylation (Watson et al, 1999). 
Furthermore, we ensured, by performing a 
cell surface biotinylation assay (Daniels and 
Amara, 1998), that a detectable fraction of all 
the TRKB mutants properly localized to the 
cell membrane (Figure 1E). We thus generated 
a cell system that allowed us to compare the 
activities and functions of the different TRKB 
mutants side by side. 

Transforming potential of TRKB point 
mutants in vitro
Like most kinases, TRKB needs a minimal level 
of activation to transform epithelial cells. We 
hypothesized that if the cancer-derived TRKB 
mutations are gain-of-function mutations, 
they may transform epithelial cells even in 
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Figure 2:  Transforming potential of TRKB point 
mutants in vitro
(A) Morphology of RIE-1 cells expressing mutant or wild-
type TRKB and photographed at 50x magnification. 
(B) Anoikis assay, in which 4*105 cells described in 
(A) were seeded onto ULC plates and scanned at 1x 
magnification 9 days later. 
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Figure 3:  Transforming potential of BDNF-activated 
TRKB point mutants in vitro
(A) RIE-1 cells expressing mutant or wild-type TRKB were 
transduced with pBH-BDNF and analyzed on western blot. 
Arrowhead indicates position of BDNF. α-tubulin serves as 
loading control. (B) Morphologic transformation of RIE-1 

cells co-expressing mutant or wild-type TRKB and BDNF, 
photographed at 50x magnification. (C) Anoikis suppression 
by mutant or wild-type TRKB + BDNF in cells described in 
(A). Scan at 1x magnification is shown, 9 days after seeding 
of 8*105  cells onto ULC plates. (D) Quantification of anoikis. 
1*106 cells described in (A) were plated on ULC dishes and 
harvested 7 days later. The total protein amounts on day 7, 
relative to day 0 are shown. Error bars represent standard 
deviation from an experiment done in triplicate. (E) Apoptosis 
assay. 2*106 cells described in (A) were plated on ULC dishes 
for 3 days, incubated with DiOC6 dye and analyzed by FACS. 
Left-hand and right-hand peaks indicate apoptotic and viable 
cells, respectively.
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(Geiger and Peeper, 2007; chapter 3). In 
search of a biochemical explanation for the 
unanticipated results described above, we 
determined whether the cancer-derived TRKB 
mutants differ from wild-type TRKB in their 
responsiveness to BDNF. To measure TRKB 
activation, we used RIE-1 cells expressing 
wild-type or mutant TRKB but no ligand, and 
stimulated the cells with a physiologically 
relevant range of recombinant BDNF. In 
line with our previous studies (Geiger and 
Peeper, 2007; chapter 3), this induced 
autophosphorylation of TRKBwt (Figure 4A 
and 4B top panel), and led to the activation 
of two major downstream signaling pathways 
(Huang and Reichardt, 2003): the PI3K 
pathway (resulting in phosphorylation of 
AKT1/PKB) and the MAPK pathway (resulting 
in phosphorylation of MAPK/ERK) (Figure 4B 
middle and bottom panel, respectively). 
Exposure to 1 ng/ml BDNF was sufficient 
for eliciting TRKBwt autophosphorylation 
and activation of the MAPK pathway, 
whereas higher concentrations of BDNF 
were required to activate AKT1 (Figure 4B). 
TRKBL138F and TRKBP507L responded to BDNF 
similarly to TRKBwt. Corresponding to their 
inability to suppress anoikis, TRKBT695I was 
only marginally activated by BDNF, while 
TRKBD751N was completely unresponsive to 
BDNF, identical to kinase-inactive TRKBK588M 
(Figure 4). These results show that TRKBT695I 
and TRKBD751N display reduced responsiveness 
to BDNF stimulation in rat epithelial cells, 
whereas TRKBL138F and TRKBP507L behave 
indistinguishably from wild-type TRKB.

Oncogenic potential of TRKB mutants 
expressed in rat epithelial cells
Next, we tested the oncogenic potential 
of the TRKB mutants in mouse xenograft 
experiments. To this end, we subcutaneously 
inoculated Balb/c nude mice with wild-type 
or mutant TRKB-expressing cells. In the 
absence of BDNF, only TRKBwt, TRKBL138F and 
TRKBP507L-expressing RIE-1 cells (Figure 5A,B) 
and RK3E cells (Supplementary Figure 2A,B) 

suppressed anoikis (Figure 2B, Supplementary 
Figure 1C). This was in contrast to what was 
seen for an artificially generated constitutive 
active and ligand-independent TRKB mutant, 
TPR-TRKB, which was able to morphologically 
transform RIE-1 cells and to suppress anoikis 
independent of BDNF (Geiger and Peeper, 
2007; chapter 3). 

To activate the receptor, we stably co-
expressed human BDNF and wild-type 
or mutant TRKB both in RIE-1 (Figure 3A) 
and RK3E cells (Supplementary Figure 1D) 
(from here on called RIE-1wt+B and RK3E wt+B). 
Consistent with our previous observations 
(Douma et al, 2004; Geiger and Peeper, 2007; 
chapter 3), this resulted in morphological 
transformation (Figure 3B, Supplementary 
Figure 1E) and anoikis suppression (Figure 3C, 
Supplementary Figure 1F) of cells expressing 
wild-type TRKB+BDNF. The same was seen 
for cells expressing TRKBL138F and TRKBP507L 
in the presence of BDNF. By contrast, 
TRKBT695I and TRKBD751N–expressing cells 
were impaired in their response to BDNF 
(Figure 3B,C, Supplementary Figure 1E,F). 
When we quantified anoikis (by measuring 
total protein amounts as a readout for total 
cell numbers), we observed that RIE-1T695I+B 
cells showed minimal anoikis resistance, 
whereas RIE-1D751N+B cells completely failed 
to survive and were indistinguishable from 
cells expressing the kinase-inactive TRKBK588M 
mutant (Figure 3D). FACS analysis confirmed 
that RIE-1T695I+B and RIE-1D751N+B cells were 
highly apoptotic when grown as suspension 
cultures (Figure 3E). These results show 
that, unexpectedly, TRKBT695I and TRKBD751N 
are impaired in their ability to transform rat 
epithelial cells in vitro. Furthermore, TRKBL138F 
and TRKBP507L are indistinguishable from wild-
type TRKB in this setting.

Responsiveness of TRKB mutants to BDNF
We have previously shown that TRKB-
mediated oncogenic transformation of RIE-1 
cells strictly depends on TRKB kinase activity 
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TRKBD751N was not tumorigenic even with high 
cell numbers and in the presence of BDNF, 
whereas RK3ET695I+B cells formed tumors with 
a significantly longer latency compared to 
RK3Ewt+B (Supplementary Figure 2A,C). In the 
presence of BDNF, and as observed for both 
RIE-1 and RK3E cells, TRKBL138F and TRKBP507L 
caused tumors similarly to TRKBwt (Figure 5C,D 
and Supplementary Figure 2C,D). These 
findings indicate that TRKBT695I and TRKBD751N 
are impaired in transforming rat epithelial cells 

formed large tumors with short latencies, but 
none of the TRKBT695I- or TRKBD751N-expressing 
cells. In the presence of co-expressed BDNF, 
RIE-1T695I+B and RIE-1D751N+B cells did form 
tumors, but with a statistically significant 
delay, compared to RIE-1wt+B cells (Figure 5C). 
Of note, RIE-1D751N+B (as well as RIE-1K588M+B) 
cells failed to form tumors when ten times 
fewer cells were inoculated, in contrast to 
RIE-1wt+B and, with longer latency, RIE-1T695I+B 
(data not shown). In RK3E cells, expression of 

Figure 4:  Responsiveness of TRKB mutants to BDNF 
(A) RIE-1 cells expressing wild-type or mutant TRKB were stimulated with various concentrations of recombinant 
BDNF and analyzed for phospho-tyrosine (pY) and total TRKB content by immunoprecipitation (IP) and subsequent 
immunoblot (IB) analysis. (B) Cell lysates from (A) were analyzed for (phospho (p)) TRK, (p)AKT and (p)ERK. PI3K 
inhibitor LY294002 and MEK inhibitor U0126 were applied to identify the pAKT and pERK bands, respectively, 
indicated by arrowheads. Asterisks (*) indicate non-specific bands. α-tubulin serves as loading control.
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and the expression pattern of TRKB regulatory 
factors are likely to be different across cell 
types. Ideally, one should assess the function 
of the TRKB mutations in their original context, 
that is, in the tumor cells in which they were 
originally identified. There are no cell lines 
available that express TRKBT695I or TRKBD751N 
endogenously. Moreover, to our knowledge 
there is no primary human colon epithelial cell 
line available. Aiming to use a physiologically 
relevant cell system, we transduced COLO 205 
and Caco-2 human colon carcinoma cells with 
TRKBT695I or TRKBD751N and obtained polyclonal 

also in vivo. Furthermore, neither TRKBL138F nor 
TRKBP507L displays increased oncogenic activity 
compared to wild-type TRKB.

BDNF responsiveness of TRKBT695I and 
TRKBD751N  expressed in colon cancer cell 
lines
One possible explanation for the impaired 
activity of TRKBT695I and TRKBD751N in the assays 
described above is that we performed them in 
an aphysiological cellular context. Indeed, the 
wiring of the intracellular signaling networks 
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Figure 5:  Oncogenic potential of TRKB mutants expressed in RIE-1 cells
(A) 1*106 RIE-1 cells expressing pBP-TRKB (wild-type or mutant) were subcutaneously injected into both flanks of 
nude mice. n=5 for wt and P507L, n=4 for T695I and D751N. (B) 1*106 RIE-1 cells expressing pBH-TRKB (wild-type 
or mutant) were subcutaneously injected into both flanks of nude mice. n=4 for all cell lines. (C) 1*105 RIE-1 cells 
co-expressing pBH-BDNF and pBP-TRKB (wild-type or mutant) were subcutaneously injected into nude mice. n=3 
for all cell lines. Statistical significance was determined with a Log-Rank test. (D) 1*105 RIE-1 cells co-expressing 
pBP-BDNF and pBH-TRKB (wild-type or mutant) were subcutaneously injected into nude mice. n=4 for wt and 
L138F, n=3 for P507L. In all experiments mice were sacrificed when tumor burden reached 2 cm2 and Kaplan-
Meier survival curves are shown. 
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with BDNF (Figure 6). ERK was phosphorylated 
by TRKB activation only in Caco-2 cells, but 
not in COLO 205 cells (Figure 6C,D). This is 
probably because COLO 205 cells harbor 
a BRAFV600E mutation (www.sanger.ac.uk/
genetics/CGP/cosmic), which is constitutively 
active and stimulates MAPK signaling (Davies 
et al, 2002). Upon stimulation of Caco-2 cells 

populations stably expressing either RTK. We 
stimulated these cells with recombinant BDNF 
and measured TRKB autophosphorylation 
and activation of downstream effectors. 
Similar to what was observed in RIE-1 
cells, in both COLO 205 and Caco-2 cells 
TRKBT695I and TRKBD751N were less abundantly 
phosphorylated than TRKBwt upon stimulation 
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Figure 6:  BDNF responsiveness of TRKBT695I and TRKBD751N expressed in colon cancer cell lines
(A) COLO 205 cells and (B) Caco-2 cells expressing wild-type or mutant TRKB were stimulated with 10 ng/ml 
recombinant BDNF and analyzed for phospho-tyrosine (pY) content by immunoprecipitation (IP) and subsequent 
immunoblot (IB) analysis. (C) Cell lysates of COLO 205 cells from (A) and, (D) lysates of Caco-2 cells from (B) were 
analyzed for (phospho (p)) TRK and (p)ERK. The MEK inhibitor U0126 was applied to identify the pERK bands. 
α-tubulin serves as loading control.
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(NGFR), which modulates RTK responsiveness 
to different neurotrophins (Huang and 
Reichardt, 2003), can influence the activity 
of the various TRKB mutants. We can also not 
formally exclude the possibility that TRKBT695I 
and TRKBD751N might have been selected for 
in the original tumors, contributing to tumor 
formation. These issues not withstanding, it is 
fair to say that these mutations do not meet 
conventional criteria for mutational activation 
of receptor kinases.

Theoretically, all mutations residing in the 
cytoplasmic part of the receptor could 
influence the binding of adaptor proteins or 
TRKB substrates, independent of the effect 
on kinase activity. The presence and function 
of these binding partners would depend 
on cellular context and may be different in 
different cell lines. Although the prototypic 
mechanism for oncogenic function of tyrosine 
kinases is constitutive or enhanced kinase 
activity with altered downstream signaling 
(Blume-Jensen and Hunter, 2001), RTKs can 
have also kinase-independent functions 
that contribute to cancer. This has recently 
been shown for wild-type EGFR, which, 
independently of its kinase activity, interacts 
with and thereby stabilizes sodium/glucose 
cotransporter 1 (SLGT1) (Weihua et al, 2008). 
Downregulation, but not enzymatic inhibition 
of EGFR1 leads to reduced SLGT1 levels, 
reduced glucose uptake and autophagy of 
tumor cells (Weihua et al, 2008). Whether a 
similar function is also associated with TRKB 
is not known. If the TRKB point mutants 
analyzed in this study indeed fail to display 
gain-of-function transforming properties, 
this would suggest that they represent 
passenger mutations and did not drive tumor 
formation. This may also be indicated by the 
rare occurrence of these mutations, which, to 
our knowledge, have not been reported again 
since their original identification.

We identified and characterized also a novel 
TRKB point mutation, TRKBP507L, which we 
isolated from the MDA-MB-435 tumor cell 

with BDNF neither TRKBT695I nor TRKBD751N 
induced ERK phosphorylation, similar to what 
was observed for kinase-inactive TRKBK588M 
(Figure 6D). Together, these results show that 
the TRKBT695I and TRKBD751N mutants are less 
active not only in rat epithelial cells but also in 
two human colon carcinoma cell lines.

Discussion

Three somatic point mutations of TRKB have 
been reported from large-scale sequencing 
studies in human cancers; two in colorectal 
tumors, T695I and D751N (Bardelli et al, 2003), 
and one in a lung adenocarcinoma cell line, 
L138F (Davies et al, 2005). We identified one 
additional TRKB point mutation, P507L, in 
the MDA-MB-435 human melanoma cell 
line. Although some of these mutants have 
been proposed as candidate cancer-driving 
genes (Bardelli et al, 2003), our analysis in 
rat epithelial cells and in human tumor cell 
lines failed to provide support for a gain-
of-function effect for any of the four TRKB 
point mutations. In fact, the two colorectal 
tumor-derived TRKB point mutations were 
associated with even reduced kinase activity 
and oncogenic potential, compared to wild-
type TRKB. As a cautionary note, one has to 
bear in mind that we did not test the colorectal 
tumor-derived TRKB mutants in their original 
context, namely the tumors that endogenously 
express TRKBT695I or TRKBD751N, while cell lines 
derived thereof are unavailable (V. Velculescu, 
personal communication). Nonetheless, 
exposure to BDNF of both rat epithelial and 
human colon cancer cells resulted in reduced 
receptor activation of TRKBT695I and almost no 
activation of TRKBD751N. This strongly suggests 
that these mutants have impaired enzymatic 
activity in the context of BDNF stimulation. 
We cannot exclude the possibility that the 
responsiveness of TRKBT695I and TRKBD751N to 
other TRKB ligands (NTF4 or NTF3) (Huang and 
Reichardt, 2003) may be different from that 
to BDNF. Furthermore, we did not investigate 
whether the pan-neurotrophic receptor p75NTR 
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is a need for functional studies assessing the 
biological consequences, particularly the 
oncogenic potential, of newly discovered 
cancer-associated mutations. Similar 
conclusions have been reached by others, for 
example on the receptor kinase FLT3 (Frohling 
et al, 2007). The results presented here suggest 
that the acquisition of point mutations may 
not correspond to a primary mechanism of 
TRKB activation in human cancer.

Materials and Methods

Sequencing and vector constructs
Genomic DNA for partial sequencing of the 
TRKB gene was isolated by first lysing cells 
overnight at 55°C in 0.1 M TRIS pH 8.5 + 0.2 M 
NaCl + 5 mM EDTA + 0.2% SDS + 100 µg/ml 
ProtK, subsequently purifying gDNA with 
phenol/chloroform/isoamylalcohol and 
precipitation in isopropanol. Finally, gDNA 
was washed with 70% ethanol and dissolved 
in TE. Complementary DNA was generated by 
isolation of total RNA with Trizol (Invitrogen), 
treatment with DNase (Promega) for 1h at 
37°C, and reverse transcription using Oligo-dT 
and superscript II reverse transcriptase 
(Invitrogen). For sequencing gDNA, first a PCR 
was performed with either 100 ng gDNA + 4 µl 
dNTP (2.5 mM, Roche) + 0.5 µl DMSO + 0.5 µl 
PWO polymerase (Roche) + 15 pmol primers 
in a total reaction volume of 50 µl reaction 
buffer including MgSO4 (Roche) or with 100 ng 
gDNA + 4 µl dNTP (2.5 mM, Roche) + 1 µl Taq 
polymerase (Invitrogen) + 1 µl primers (250 ng/
µl) in a total reaction volume of 40 µl reaction 
buffer including MgCl2 (Invitrogen). Primers 
used were for LRM domain: exon 7 forward: 
5’-GTGAAAGAGAGAGAGATCTGG-3’, exon 7 
reverse: 5’-TGGTATAAAAATAGATCTGC-3’, for 
kinase domain: exon 16 forward: 5’-TGGG-
GAGTGAGTGCTAACTGG-3’, exon 16 reverse: 
5’-CGCCAGTCATCCCTATCAGG-3’, exon 17 
forward: 5’-GCCATTTGGGGTGGACTG-3’, exon 
17 reverse: 5’-GGATGTGCCCCAAATGTCC-3’, 
exon 18 forward: 5’-CTCAGTATCATAGGGC-
CCAC-3’, exon 18 reverse: 5’-GTCCCTTGTTC-

line. However, as a normal reference tissue 
sample derived from the same patient is 
unavailable, it is unclear whether this mutation 
corresponds to a somatic mutation in the 
tumor, to a single nucleotide polymorphism 
(SNP) from this patient, or was acquired during 
in-vitro passaging. However, this sequence 
variation has not been reported in public SNP 
databases.

The “Cancer Gene Census” database (http://
www.sanger.ac.uk/genetics/CGP/Census/) is 
a catalogue of genes whose mutations have 
been causally implicated in cancer (Futreal et 
al, 2004). To date (August 2008), it comprises 
some 379 different genes, amongst which 
are TRKA and TRKC, but not TRKB. TRKA and 
TRKC fusion oncoproteins with constitutive 
kinase activity have been identified in 
papillary thyroid (TRKA) (Bongarzone et 
al, 1989), in secretory breast (Tognon et al, 
2002) and congenital fibrosarcoma tumors 
(TRKC) (Knezevich et al, 1998). To date, no 
such structural mutations for TRKB have been 
reported in human cancers. Nonetheless, 
as TRKB is overexpressed in several human 
malignancies, including neuroblastoma, 
pancreatic and prostate adenocarcinoma, it 
has been suggested as a potential target for 
anticancer therapy (Ruggeri et al, 1999; Geiger 
and Peeper, 2005; Desmet and Peeper, 2006). 
As our analysis presented here fails to show a 
gain-of- function effect for four cancer-derived 
TRKB point mutations, further research will be 
required before TRKB can be added to the list 
of bona fide cancer genes. Recently, four more 
TRKB point mutations have been identified in 
human large cell neuroendocrine carcinomas 
of the lung (Marchetti et al, 2008). All these 
mutations localize within the kinase activation 
loop, and in tumors with a mixed histology, 
only the neuroendocrine regions carried the 
mutations. However, also for these mutations, 
the effect on gene function remains elusive.

Our analysis presented here illustrates that, in 
parallel to the ongoing efforts for systematic, 
large-scale cancer genome sequencing, there 
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Immunoblotting, immunoprecipitation 
and antibodies
Cells were lysed in RIPA buffer (50 mM TRIS 
pH 8.0 + 150 mM NaCl + 1% nonidet P40 
+ 0.5% sodium deoxycholate + 0.1% SDS) 
and sonicated. When appropriate, a mix of 
phosphatase inhibitors (1 mM sodium pyro-
phosphate, 2 mM sodium fluoride, 10 mM 
β-glycerophosphate, 2 mM orthovanadate) 
was added. Protein concentration was de-
termined using BioRad Protein Assay. Immu-
noblot analysis was performed with standard 
techniques, either on 7% polyacrylamide-SDS 
gels, or on 4-12% bis-tris precast gels (NuPAGE). 
Antibodies used were: TRK (C-14, Santa Cruz), 
TRKB (80E3, Cell Signaling), TRKB [TK-] (C-13, 
Santa Cruz), BDNF (N20, Santa Cruz), phos-
pho-tyrosine (4G10, Upstate), phospho-AKT 
(Ser473, Cell Signaling), AKT1/2 (H-136, Santa 
Cruz), phospho-ERK (phospho p44/42 MAPK 
Thr202/Tyr204, Cell Signaling), ERK (p44/42 
MAPK, Cell Signaling) and α-tubulin (DM 
1A, Sigma). Antibodies were diluted 1:1000-
1:3000 in blocking solution, either 4% Protifar 
plus (Nutricia) or 4% bovine serum albumin + 
1:50 Western Blocking Reagent (Roche). Pro-
tein detection for western blotting was done 
with ECL reagent (Amersham) and developed 
films were scanned on an Epson Perfection 
4990 Photo scanner. For immunoprecipitation, 
equal amounts of lysates were incubated with 
0.5 µg TRK (or TRKB [TK-] as a control) anti-
body for 2h at 4°C. Proteins were immobilized 
with Protein A sepharose beads, washed four 
times with lysis buffer and immunoblotted for 
analysis. For cell surface protein biotinylation 
assay, cells were washed three times for 10 
minutes with ice-cold PBS (pH 8.0) and subse-
quently incubated for 25 minutes at 4°C with 
2 mg/ml freshly prepared Sulfo-NHS-LC-Biotin 
(Pierce) in PBS pH 8.0. We then quenched ex-
cess biotin reagent with PBS + 100 mM glycine 
by rinsing twice and incubating the cells for 20 
minutes at 4°C. Subsequently, cells were lysed, 
processed for immunoprecipitation and ana-
lyzed by immunoblotting as described above. 
Biotinylated proteins were detected with 
StreptABComplex/HRP (Dako Cytomation).

CCTCCCATG-3’, exon 19 forward: 5’-CCAG-
CAGCTACAGGGTGGGGG-3’, exon 19 reverse: 
5’-CCAGCCTCCAGAGCCATGAG-3’, exon 20 
forward: 5’-GTGTCCCCCAGCAGCTCCC-3’, exon 
20 reverse: 5’-CCTGACATGGTCTTCCAACCC-3’. 
These PCRs amplified regions corresponding 
to the following base pairs and exons of TKRB 
(according to GenBank locus NC_000009): 
39148-39465 for exon 7, 198505-198973 
for exon 16, 265444-265918 for exon 17, 
279857-280151 for exon 18, 286613-287114 
for exon 19 and 351581-351908 for exon 20. 
The PCR fragments were purified on agarose 
gels and 3-12 ng of DNA was subjected to 
sequencing analysis using the same primers 
as mentioned above. For sequencing cDNA, 
a similar protocol was applied as for gDNA, 
using 100 ng of cDNA as template and the 
forward primer 5’-CCACTCACATGAACAATG-
GGG-3, reverse primer 5’-CAAGATCTTGTC-
CTGCTCAGG-3’, to PCR amplify and sequence 
bp 1052-1752 of the coding sequence of 
the TRKB transcript variant “a” (GenBank 
accession number NM_006180). Sequences 
were analyzed with 4peaks software (http://
mekentosj.com/4peaks/). 

Cloning and expression of human TRKB, 
TRKBK588M, and human BDNF (NM_170735) 
have been described before (Geiger and Peeper, 
2007; chapter 3). All cancer-derived TRKB point 
mutants were generated by site-directed 
mutagenesis (Stratagene) according to the 
manufacturer’s instructions. Primers used 
were for P507N: 5’-CCAATGGGAGTAACACTC-
TATCTTCTTCGGAAGGTGGCCC-3’, for T695I: 
5’-GCACCGCGATTTGGCCATCAGGAACTGCCT-
GGTCGGGG-3’, for D751N: 5’-GGAAATTCAC-
GACGGAAAGCAACGTCTGGAGCCTGGGG-3’ 
and the respective complementary primers 
(the bold letter is indicating base substitution 
C to T for P507N, C to T for T695I, G to A for 
D751N). All TRKB mutants and BDNF were 
expressed from the retroviral pBabe-Puro 
(pBP) and pBabe-Hygro (pBH) vectors.



88

4

both flanks. Mice were inspected twice a 
week and euthanized by CO2 when the total 
tumor burden reached 2 cm3 or when tumors 
started to ulcerate. Tumor size was measured 
with a caliper and tumor volume calculated by 
the formula (a*b2)/2, with a being the longest 
diameter and b the perpendicular diameter 
of the tumor. Kaplan-Meier survival curves 
were plotted with SPSS 15.0 and statistical 
significant differences calculated by perform-
ing Log-Rank tests.
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Supplementary Figure 1:  In-vitro transforming potential of TRKB mutants in RK3E cells 
(A) RK3E cells expressing wild-type or mutant TRKB analyzed on immunoblot (IB). α-tubulin serves as loading 
control. (B) Morphology of RK3E cells expressing wild-type or mutant TRKB, photographed at 50x magnification. 
(C) Anoikis assay, cells described in (A) were seeded on ULC plates and scanned at 1x magnification 5 days later. 
(D) Cells described in (A) were transduced with pBP-BDNF and analyzed on immunoblot (IB). Arrowhead indicates 
position of BDNF. α-tubulin serves as loading control. (E) Morphologic transformation of RK3E cells co-expressing 
mutant or wild-type TRKB and BDNF described in (D), photographed at 50x magnification. (F) Anoikis suppression 
by wild-type or mutant TRKB + BDNF in RK3E cells described in (D). Cells were scanned at 1x magnification 5 days 
after seeding on ULC plates. 
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Supplementary Figure 2:  Oncogenic potential of TRKB mutants in RK3E cells
 (A) 1*106 RK3E cells expressing pBP-TRKB (wild-type or mutant) were subcutaneously injected into both flanks of 
nude mice. n=3 for wt and P507L, n=4 for T695I and D751N. (B) 1*106 RK3E cells expressing pBH-TRKB (wild-type 
or mutant) were subcutaneously injected into both flanks of nude mice. n=4 for all cell lines. (C) 1*105 RK3E cells 
co-expressing pBH-BDNF and pBP-TRKB (wild-type or mutant) were subcutaneously injected into both flanks of 
nude mice. n=3 for each cell line. Statistical significance was determined with a Log-Rank test. (D) 1*105 RK3E cells 
co-expressing pBP-BDNF and pBH-TRKB (wild-type or mutant) were subcutaneously injected into both flanks of 
nude mice. n=4 for both cell lines. In all experiments, mice were sacrificed when tumor burden reached 2 cm2 and 
Kaplan-Meier survival curve is shown.
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In a genome-wide anoikis suppression screen for metastasis genes we previously 
identified the neurotrophic receptor tyrosine kinase TRKB. In mouse xenografts, 
activated TRKB caused highly invasive and metastatic tumors. Here we describe that 
TRKB induces also a strong morphological transformation resembling Epithelial-to-
Mesenchymal Transition (EMT). This required suppression of E-cadherin and induction 
of Twist, a transcription factor contributing to EMT and metastasis. RNAi-mediated 
Twist depletion blocked TRKB-induced EMT, anoikis suppression and growth of tumor 
xenografts. Searching for essential effectors, we found that Twist induces Snail, another 
EMT regulator associated with poor cancer prognosis. Snail depletion impaired EMT 
and anoikis suppression induced by TRKB, but in contrast to Twist depletion, it failed 
to inhibit tumor growth. Instead, Snail RNAi specifically impaired formation of lung 
metastases. Epistasis experiments and genomic profiling indicated that Twist acts 
upstream of Snail. Our results demonstrate that TRKB signaling activates a Twist - Snail 
axis that is critically involved in EMT, tumorigenesis and metastasis. Moreover, we 
resolve the epistatic relationship of Twist and Snail, two key transcriptional regulators 
of EMT and metastasis.

1 Division of Molecular Genetics, 2 Department of Experimental Animal Pathology, Netherlands Cancer Institute, 
Amsterdam, the Netherlands; 3 Department of Developmental Molecular Genetics, Faculty of Medicine, Ben 
Gurion University of the Negev, Beer Sheva, Israel

Marjon A. Smit1*, Thomas R. Geiger1*, Ji-Ying Song2, Inna Gitelman3 and Daniel S. 
Peeper1

A Twist–Snail Axis Critical for TRKB-induced 
EMT, Anoikis Resistance and Metastasis

Introduction

The success of treatment of cancer patients 
is inversely correlated with the occurrence 
of secondary tumors, or metastases. A better 
understanding of the molecular mechanisms 
underlying metastasis will conceivably help 
improving cancer treatment in the future. 
Metastasis is a multi-step process in which 
tumor cells have to overcome several barriers 
to form a secondary tumor at a distant 
anatomical site (Eccles and Welch, 2007; Gupta 
and Massague, 2006). One such barrier is 
imposed by the epithelium (the origin of most 
solid tumors), a highly organized structure 

with strong cell-cell adhesions and lined by a 
basement membrane composed of a dense 
extracellular matrix. To disseminate from the 
primary tumor and to invade neighboring 
tissue or vessels, epithelial tumor cells 
must acquire a more flexible and migratory 
phenotype, similar to that of mesenchymal 
cells (Thiery, 2002; Christofori, 2006). This can 
be achieved by an EMT, a process that was 
initially described in embryogenesis (Thiery 
and Sleeman, 2006; Yang and Weinberg, 
2008). EMT is characterized by the loss of 
polarized organization and a downregulation 

* these authors contributed equally to this work
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2004). We recently showed that the ability 
of TRKB to suppress anoikis and induce 
metastasis requires its kinase function to be 
intact (Geiger and Peeper, 2007; chapter 3). 
Supporting the notion that TRKB may play an 
important role also in human cancer, it is found 
overexpressed in several human malignancies, 
including neuroblastoma (Brodeur, 2003; 
Nakagawara et al, 1994), prostate cancer 
(Dionne et al, 1998) and pancreatic cancer 
(Miknyoczki et al, 1999) (reviewed in Geiger 
and Peeper, 2005; chapter 2). In line with this, 
TRKB-interfering agents are currently being 
developed and tested for anticancer activity 
(Ruggeri et al, 1999; Desmet and Peeper, 
2006). However, the molecular mechanisms 
of how TRKB signaling induces metastasis 
remain largely unknown. Because improved 
understanding of the fundamental mechanistic 
aspects of TRKB signaling in metastasis is likely 
to be of preclinical relevance, we aimed here 
to reveal factors critically required for TRKB-
induced anoikis suppression and metastasis, 
thereby focusing on EMT.

Results

TRKB induces EMT in epithelial cells
Consistent with our previous observations 
(Douma et al, 2004; Geiger and Peeper, 2007; 
chapter 3), overexpression of TRKB and 
BDNF in several non-malignant epithelial 
cell lines induced a striking morphologic 
transformation, characterized by a spindle-
shaped morphology and the loss of cell-
cell contacts (Figure 1A). This effect was 
observed in three different non-malignant 
epithelial cell lines, originating from different 
tissues and species: rat intestine epithelial 
cells (RIE-1), E1A-transformed rat kidney 
epithelial cells (RK3E), and, to a somewhat 
lesser extent, in human breast epithelial 
cells (MCF10A). To determine whether this 
morphologic transformation represents EMT, 
we analyzed the levels of several epithelial 
and mesenchymal proteins. We observed 
a downregulation by activated TRKB of the 
epithelial proteins E-cadherin, α-catenin, 
β-catenin and γ-catenin in both rat epithelial 
cell lines, whereas in MCF10A cells only 

of epithelial proteins, including E-cadherin, 
γ-catenin/plakoglobin, α-catenin and 
β-catenin (Grunert et al, 2003). At the same 
time, mesenchymal proteins are often 
induced, including smooth muscle actin 
(Masszi et al, 2003), fibronectin, N-cadherin 
or vimentin (Jechlinger et al, 2003; Berx et 
al, 2007). This is mediated (either directly or 
indirectly) by transcription factors like Twist, 
E12/E47, and members of the Snail and ZEB 
protein families (Huber et al, 2005). In vitro, 
EMT can be induced by activated oncogenes 
like RASV12, or by several receptor tyrosine 
kinases, such as MET or the epidermal growth 
factor receptor (EGFR), often in cooperation 
with transforming growth factor β (TGFB) 
(Grunert et al, 2003). However, the extent 
of up- and down-regulation of the epithelial 
and in particular of the mesenchymal markers 
varies between different cell lines and stimuli. 
For this reason, and also because intermediate 
forms of EMT with only a partial phenotype 
have been described, a precise definition of 
EMT is still under debate (Grunert et al, 2003).

Once tumor cells have left their original site 
and encounter new microenvironments 
during invasion, they are challenged by 
another barrier against metastasis: anoikis 
(apoptosis induced by inappropriate, or lack 
of, cell adhesion) (Meredith et al, 1993; Frisch 
and Francis, 1994). Apart from its role in 
tissue homeostasis (Hall et al, 1994; Boudreau 
et al, 1995), anoikis conceivably also restricts 
the spread of tumor cells through tissues and 
via the circulation (Liotta and Kohn, 2004). 
In an attempt to identify new mediators of 
metastasis, we previously have used anoikis 
suppression as the basis for a genome-wide 
functional screen. In this way we identified 
the neurotrophic receptor TRKB (NTRK2) 
as a potent anoikis suppressor (Douma et 
al, 2004). TRKB and its ligand brain-derived 
neurotrophic factor (BDNF) play a crucial 
role in the development and function of the 
nervous system, including the promotion of 
neuronal survival (Ernfors et al, 1994; Jones 
et al, 1994; Klein et al, 1993). Consistent with 
the premise that anoikis forms a barrier to 
metastasis, TRKB-expressing epithelial cells 
form metastatic tumors in vivo (Douma et al, 
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hallmarks of EMT are met here (loss of cell-cell 
contacts, loss of E-cadherin, the acquisition of 
a spindle-shaped cell morphology, induction 
of mesenchymal proteins at least in one cell 
line), we infer that in epithelial cells TRKB 
induces a strong morphologic transformation 
resembling EMT.

Loss of E-cadherin is an essential 
feature of TRKB function
E-cadherin is regarded as a major 
player in EMT (Behrens et al, 1991). 
Therefore, we next investigated 
whether E-cadherin corresponds to a 
critical target for TRKB function. We 
re-introduced E-cadherin into spindle-
shaped, TRKB+BDNF-overexpressing 
RK3E cells (from here on referred 
to as RK3ETB cells). E-cadherin was 
expressed to relatively high levels 
in two independent cell clones 
(Figure 2A) and correctly localized 
to the cell membrane (Figure 2B). 
Importantly, restoration of E-cadherin 
levels reverted the cell morphology 
to an epithelial phenotype (Figure 2C). 
Similar to our previous observations 
in RIE-1 and MCF10A cells (Douma et 
al, 2004; Geiger and Peeper, 2007; 
chapter 3), active TRKB suppressed 
anoikis also in RK3E cells (Figure 2D). 
E-cadherin restoration impaired 
anoikis suppression by TRKB 
(Figure 2D), as well as anchorage-
independent growth in soft agar 
(Figure 2E, Supplementary Figure 1A). 
These findings demonstrate that 
the loss of E-cadherin is an essential 
feature of the mechanism by which 
TRKB activates an EMT-like program 
and suppresses anoikis.

α-catenin was slightly suppressed (Figure 1B). 
In the latter cell type, but not seen in the rodent 
cells, induction of the mesenchymal markers 
fibronectin, vimentin and smooth muscle 
actin was prominent (Figure 1B). EMT markers 
are often differentially regulated across cell 
lines (Grunert et al, 2003). As several key 
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Figure 1:  TRKB induces EMT in epithelial cells 
(A) Mesenchymal morphology induced by overexpression of TRKB+BDNF in epithelial RIE-1, RK3E and MCF10A 
cells. (B) Effect on expression of epithelial and mesenchymal markers by TRKB+BDNF as analyzed by western 
blotting. V=Vector, TB =TRKB+BDNF, sm-actin=smooth muscle actin. β-actin serves as loading control.
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Figure 2:  Loss of E-cadherin is an essential feature of TRKB function 
(A) Western blot analysis of E-cadherin, TRKB and BDNF from independent cell clones expressing indicated 
cDNAs. β-acti n serves as loading control. (B) Overexpressed E-cadherin localizes at the cell membrane, as shown 
by indirect immunofl uorescence and confocal microscopy. TO-PRO stains DNA. (C) Epithelial morphology induced 
by overexpression of E-cadherin in RK3ETB cells. (D) E-cadherin restorati on impairs TRKB-mediated anoikis 
suppression. 4*105 vector- or RK3ETB cells and derived cell clones overexpressing E-cadherin or vector control were 
cultured on Ultra Low Cluster (ULC) plates for 4 days and scanned at 1x magnifi cati on. (E) E-cadherin restorati on 
impairs TRKB-mediated anchorage-independent growth. 1*103 cells expressing indicated cDNAs were grown in 
0.4% agarose for 11 days; scan of 1x magnifi cati on is shown.
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injection of RK3ETB cells in which Twist had 
been depleted resulted in tumor growth that 
was significantly, albeit moderately, reduced 
(Figure 3E). In a previous study, using a 
different cell system, knockdown of Twist did 
not affect tumor growth but inhibited only 
metastasis (Yang et al, 2004), which probably 
reflects differences in the cellular context or 
origin. In view of the observed difference in 
primary tumor growth as a function of Twist 
expression, we considered this setting not 
suitable to study the requirement of Twist 
in TRKB-induced metastasis. Therefore, we 
injected cells intravenously into nude mice. 
Although this experimental metastasis assay 
precludes an assessment of the early steps of 
tumor progression (tumor growth, invasion, 
intravasation into vessels), it does allow 
measuring the capacity of tumor cells to 
colonize the lungs. Silencing of Twist in RK3ETB 
prolonged the survival of the mice (Figure 3F), 
which is consistent with previous findings 
(Yang et al, 2004). These results suggest that 
Twist plays an important role both in TRKB-
induced oncogenicity and metastasis.

Snail is required for TRKB-induced 
EMT, anoikis resistance and anchorage- 
independent growth
In view of these results, we set out to dissect 
the different functions of Twist, aiming to 
identify its downstream target(s) specifically 
required for metastasis. The zinc finger 
transcription factor Snail is a direct repressor 
of E-cadherin (Cano et al, 2000; Batlle et al, 
2000). Studies in Drosophila have shown that 
Twist can induce Snail (Ip et al, 1992). Consistent 
with this, ectopic expression of Twist led to 
a five-fold induction of Snail mRNA levels in 
RK3E cells (Figure 6A). Furthermore, Snail was 
induced by overexpression of TRKB+BDNF in 
MCF10A cells (Figure 4A). We were unable 
to detect Snail protein in RK3E and RIE-1 
cells, most likely because the Sn9H2 antibody 
raised against human Snail fails to recognize 
the rat protein (of note, none of the available 
rodent Snail antibodies was successful in 
detecting endogenous Snail levels in RK3E and 
RIE-1 cells). To investigate the contribution 
of Snail to the pro-oncogenic and pro-

Twist is required for TRKB-induced EMT, 
anoikis suppression and tumorigenesis
In view of the important role of E-cadherin 
in TRKB-induced EMT and anoikis resistance, 
we next addressed how TRKB downregulates 
E-cadherin. Several transcription factors, 
including Twist, are known to repress 
E-cadherin, via E-boxes in the E-cadherin 
promoter (Huber et al, 2005; Nieto, 2002). As 
Twist can induce EMT and plays a critical role in 
metastasis (Yang et al, 2004), we first focused 
on this basic-helix-loop-helix transcription 
factor, investigating whether it corresponds to 
a critical TRKB target in E-cadherin repression. 
In support of a role for Twist in this setting, 
activated TRKB induced the expression of 
Twist both at the mRNA and protein levels 
(Figure 3A). To assess the requirement of Twist 
for TRKB function in this regard, we generated 
stable cell lines expressing TRKB, BDNF as 
well as a short hairpin (sh)RNA against Twist 
(or against EGFP, as a control). To rule out off-
target effects (Echeverri et al, 2006), we used 
two independent, non-overlapping shRNAs 
against Twist. Upon expression of sh-Twist in 
polyclonal RK3ETB cell pools, EMT was partially 
reverted (data not shown). To enhance this 
effect, we first knocked down Twist in RK3E cells 
expressing BDNF, subsequently transduced 
the cells with TRKB-encoding retrovirus and 
then established independent stable clonal 
cell lines. Indeed, this led to a robust block to 
TRKB-induced EMT (Figure 3B). As anticipated, 
this correlated well with restoration and 
correct subcellular localization of E-cadherin 
(Figure 3C, D). This was seen also for RIE-1TB 
cells (Supplementary Figure 2). Consistently, 
Twist depletion caused a marked reduction 
in anoikis suppression and anchorage-
independent growth in soft agar induced by 
TRKB (Supplementary Figure 3A,B), which 
was not due to inhibition of cell proliferation 
(Supplementary Figure 4). 

Similar to our previous findings in RIE-1 cells 
(Douma et al, 2004; Geiger and Peeper, 2007; 
chapter 3), RK3ETB cells (but not parental 
RK3E cells, which are devoid of tumorigenic 
potential; data not shown and Ruppert et 
al, 1991) were highly tumorigenic in nude 
mice (Figure 3E). In contrast, subcutaneous 
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Figure 3:  Twist is required for TRKB-induced EMT and tumorigenesis
(A) Induction of Twist mRNA levels (measured by qRT-PCR, top panel, n=3, error bar represents standard deviation 
(s.d.)) and protein levels (analyzed on western blot, bottom panel) by TRKB+BDNF. CDK4 serves as loading control. (B) 
Sh-Twist prevents morphologic transformation of RK3E cells by TRKB+BDNF. (C) Sh-Twist prevents downregulation 
of E-cadherin by TRKB+BDNF in RK3E cells, as shown by western blot analysis for proteins as indicated. β-actin 
serves as loading control. (D) E-cadherin localizes at the cell membrane of RK3ETB cells upon Twist depletion, 
as shown by immunofluorescence (TO-PRO stains DNA). (E) Sh-Twist impairs TRKB-mediated tumorigenesis, as 
shown by Kaplan-Meier survival curves. Balb/c nude mice were subcutaneously injected into both flanks each with 
1*105 RK3ETB + indicated shRNAs. Mice were euthanized when tumors reached a size of 1 cm3. Three independent 
experiments were carried out with total n=15 (for each sh-EGFP #1, sh-EGFP #2), n=10 (sh-Twist #1), n=11 (sh-Twist 
#2). The experiment was terminated at 100 days. The corresponding values were used in the table. Significance 
values were obtained by first combining the data from both shRNAs against the same gene (EGFP or Twist) and 
subsequently performing a Log rank test. (F) Effect of sh-Twist on experimental metastasis. Mice were intravenously 
injected with 1*106 RK3ETB + indicated shRNAs. Mice were euthanized when clinical symptoms became apparent; 
n=4 for each cell line. Significance values were calculated as in (E).
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Figure 4:  Snail is required for TRKB-induced EMT, anoikis resistance and anchorage-independent growth
(A) Increased protein levels of Snail in TRKB+BDNF-expressing MCF10A cells as judged by western blotting for 
the indicated proteins. β-actin serves as loading control. (B) Snail knockdown in RK3ETB, as measured by qRT-PCR 
(n=3, error bars represent s.d.). (C) Sh-Snail prevents morphologic transformation of RK3E cells by TRKB+BDNF. 
Photographs in Figure 4C and Figure 3B are derived from the same experiment. (D) Sh-Snail prevents downregulation 
of E-cadherin by TRKB+BDNF in RK3E cells, as judged by western blotting for the indicated proteins. β-actin serves 
as loading control. (E) E-cadherin localizes at the cell membrane of RK3ETB cells upon Snail depletion, as shown by 
immunofluorescence (TO-PRO stains DNA). (F) Sh-Snail impairs TRKB-mediated anoikis suppression. 4*105 RK3E 
cells expressing indicated cDNAs were cultured on ULC plates and scanned at 1x magnification after 4 days. (G) 
Sh-Snail impairs TRKB-mediated anchorage-independent growth. 1*103 RK3E cells expressing indicated cDNAs 
were grown in 0.4% agarose for 11 days; 1x magnification is shown.
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Table I:  Silencing of Snail reduces the 
incidence of lung metastasis from 
subcutaneous tumors

Cell line a Metastasis incidence b

sh-EGFP #1 15/15

sh-EGFP #2 14/15

sh-Snail #1 6/14

sh-Snail #2 6/15

a RK3E TB + indicated shRNAs
b Number of mice that developed pulmonary 

metastases (>0.1mm in size) out of total number 
of mice with subcutaneous tumors

metastatic functions of TRKB, we generated 
stable cell clones of RK3ETB and either of two 
independent shRNAs against Snail. Similar 
to what was observed for Twist, silencing of 
Snail in RK3E cells prevented TRKB-induced 
EMT (Figure 4B,C). Again, this correlated with 
restoration of E-cadherin levels and correct 
localization at the cell membrane (Figure 4D,E). 
Furthermore, Snail was required for TRKB-
induced anoikis resistance and anchorage-
independent growth in soft agar (Figure 4F, G, 
Supplementary Figure 1B). 

Snail is required for TRKB-induced 
metastasis
In contrast to sh-Twist, however, subcutaneous 
injection of sh-Snail-expressing RK3ETB 

cells into nude mice resulted in the 
formation of primary tumors with kinetics 
indistinguishable from those of tumor cells 
expressing control shRNA (Figure 5A). This 
allowed us to specifically address the role of 
Snail in TRKB-induced metastasis, using an 
experimental system comprising all steps of 
the metastatic cascade. Almost 100% of the 
subcutaneous RK3ETB tumors metastasized 
to the lungs, which was strongly suppressed 
upon Snail depletion (Table I). This was 
accompanied by, on average, a >5-fold drop 
in the number of metastatic pulmonary 
lesions (Figure 5B,C). Consistent with, and 

extending these findings, Snail silencing also 
strongly delayed the outgrowth in the lungs of 
intravenously injected RK3ETB cells (Figure 5D). 
Taken together, these results show that Snail 
is dispensable for TRKB-expressing cells 
to produce a primary tumor, but strongly 
contributes to their capacity to metastasize.

Snail acts downstream of Twist
Since it is unknown whether the Twist-Snail 
axis present in Drosophila (Ip et al, 1992) 
is operational also in mammalian cells, we 
determined whether Twist induces Snail in 
rat epithelial cells. In support of this idea, we 
observed that overexpression of HA-Twist in 
RK3E cells increased Snail mRNA levels by a 
factor of 5 (Figure 6A). Conversely, Snail–HA 
overexpression hardly affected Twist mRNA 
levels (Figure 6B). The model in which Twist 
acts upstream of Snail predicts that the latter 
should be able to antagonize a phenotype that 
is altered as a function of the first. Specifically, 
we examined whether overexpression of 
Snail-HA rescues the reversion of TRKB-
expressing cells to an epithelial morphology 
owing to Twist depletion. Indeed, ectopic 
expression of Snail-HA in RK3ETB + sh-Twist cells 
induced a dramatic EMT-like morphological 
transformation, changing the epithelial 
morphology back to a spindle-shaped 
appearance (Figure 6C). Consistent with this 
observation, also E-cadherin levels, which 
initially were high after Twist depletion, were 
suppressed completely by overexpression of 
Snail-HA (Figure 6D). These results suggest an 
epistatic relationship between Twist and Snail, 
with Twist acting upstream of Snail, at least 
in the context of this experimental setting. 
This functional interaction was confirmed by 
the reverse experiment, in which HA-Twist 
overexpression in RK3ETB + sh-Snail cells failed 
to affect cell morphology (Figure 6E). In line 
with this, although ectopic expression of 
HA-Twist in parental RK3E cells suppressed 
E-cadherin levels (data not shown), E-cadherin 
levels remained unchanged upon HA-Twist 
overexpression in Snail-depleted cells 
(Figure 6F). 



A Twist-Snail Axis Critical for TRKB Functions

103

5

Figure 5 Chapter 5

0 10 20 30 40 50
0

20

40

60

80

100

sh-EGFP sh-Snail

0 10 20 30255
0

20

40

60

80

100

15

sh-EGFP #1
sh-EGFP #2
sh-Snail #1
sh-Snail #2

A

B

D

sh-EGFP #1
sh-EGFP #2
sh-Snail #1
sh-Snail #2

cl
o

n
e 

#2
cl

o
n

e 
#1

days

p
er

ce
n

t 
su

rv
iv

al

days

p
er

ce
n

t 
su

rv
iv

al

sh
-E

G
FP

 #
1

sh
-E

G
FP

 #
2

sh
-S

n
ai

l #
1

sh
-S

n
ai

l #
2

2

4

6

8

0

le
si

o
n

s 
/ 

cm
2

C

TRKB + BDNF

cell line
mean survival 

(days)
   s.d.

sh-EGFP #1 26.7 1.7
sh-EGFP #2 22.4 1.2
sh-Snail #1 27.9 5.1
sh-Snail #2 27.7 0.9

cell line
mean survival 

(days)
  s.d.

sh-EGFP #1 14.5 0.9
sh-EGFP #2 14.5 0.5
sh-Snail #1 25.8 1.1
sh-Snail #2 22.3 0.8

P > 0.5

P < 0.01

>100 days

TRKB + BDNF

4035

Figure 5:  Snail is required for TRKB-induced metastasis 
(A) Sh-Snail does not affect TRKB-induced tumorigenesis, as shown by Kaplan-Meier survival curves. 1*105 RK3ETB 
cells expressing indicated shRNAs were subcutaneously injected into both flanks of Balb/c nude mice. Mice were 
euthanized when tumors reached a size of 1 cm3. Three independent experiments were carried out with total n=15 
for each cell line. The experiment was terminated at 100 days and corresponding values were used in the table. 
Significance values were obtained by first combining the data from both shRNAs against the same gene (EGFP or 
Snail) and subsequently performing a Log rank test. (B) H+E-stained histological sections of lungs from the mice 
described in (A), showing metastatic tumor lesions. (C) Quantification of lung metastases from mice described 
in (A). Lesions ≥ 0.1mm were counted from 17-23 slides per cell line. Bar diagram shows average values of three 
experiments, error bars represent s.d. (D) Effect of sh-Snail on experimental metastasis. Mice were intravenously 
injected with 1*106 RK3ETB expressing indicated shRNAs. Mice were euthanized when clinical symptoms became 
apparent; n=4 for each cell line. Significance values were calculated as in (A).
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Figure 6:  Snail acts downstream of Twist
(A) Induction of Snail mRNA by overexpression of HA-Twist in RK3E cells, as measured by qRT-PCR (n=3, error 
bar represents s.d.). (B) mRNA levels of Twist in RK3E cells overexpressing Snail-HA, measured by qRT-PCR (n=3, 
error bar represent s.d.). (C) Functional rescue of cell morphology by overexpression of Snail-HA in RK3ETB cells 
expressing sh-Twist. (D) Western blot analysis for E-cadherin, Snail and BDNF of the cells used in (C). β-actin serves 
as loading control. (E) No morphological change by overexpression of HA-Twist in RK3ETB+sh-Snail. (F) Western 
blot analysis for E-cadherin, Twist and other proteins as indicated of the cells used in (E). Open arrowhead indicates 
ectopic HA-Twist, filled arrowhead indicates endogenous Twist. β-actin serves as loading control.
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disease in other cancer types (for review see 
Becker et al, 2007), including hepatocellular 
carcinoma (Sugimachi et al, 2003), ovarian 
cancer (Blechschmidt et al, 2007) and head 
and neck squamous cell carcinoma (Yang et al, 
2007). Collecti vely, these observati ons imply 
that Snail is functi onally involved in metastasis, 
although the experimental evidence for this is 
sti ll incomplete. Overexpression of Snail has 
been shown to induce EMT, cellular migrati on 
(Cano et al, 2000) and increased metastasis 
aft er orthotopic injecti on into nude mice 
(Yin et al, 2007). Conversely, RNAi-mediated 
inhibiti on of Snail impaired metastasis of 
subcutaneously injected HaCa4 cells (Olmeda 
et al, 2008). However, a limitati on of this as well 
as other tumor cell lines is that downregulati on 
of Snail not only decreases metastasis but 
also dramati cally impairs the growth of the 

Snail and Twist share a signifi cant number 
of target genes and pathways
If Snail acts as a criti cal downstream target of 
Twist and is required for the pro-metastati c 
eff ects of TRKB (and Twist), then a substanti al 
number of the target genes of Snail are 
predicted to overlap with those of Twist. To 
test this hypothesis, we performed microarray 
gene-expression analysis with RK3ETB cells in 
the context of either sh-Twist or sh-Snail, and 
compared them to RK3ETB +sh-EGFP control 
cells. Silencing of Twist signifi cantly changed 
the expression of 633 genes (199 genes 
downregulated and 434 genes upregulated, 
P<0.01). Snail depleti on, on the other hand, 
signifi cantly changed a total of 432 genes (293 
genes downregulated, 139 genes upregulated, 
P<0.01). Close to 40% of the Snail-dependent 
genes (165 out of 432 genes) were regulated 
also by Twist, which was highly signifi cant 
(P<0.001 in a Fischer Exact Test; Figure 7A). 
Next, we assessed by Ingenuity analysis which 
functi onal pathways were deregulated by 
either sh-Twist or sh-Snail. Out of 130 pathways 
analyzed, 32 were commonly deregulated 
between Twist and Snail (Figure 7B), which 
again was highly signifi cant (P<0.001, Fischer 
Exact Test). These results support our model 
that Twist and Snail are acti ng in the same 
pathway.

Discussion

The results presented here show that TRKB 
induces EMT in epithelial cells, and that it 
does so through a Twist-Snail signaling axis. 
Furthermore, we demonstrate that Snail plays 
a criti cal and specifi c role in TRKB-mediated 
metastasis (Figure 8). Several reports have 
shown a correlati on between Snail expression 
levels and the propensity to metastasize 
(reviewed in Peinado et al, 2007). For breast 
cancer parti cularly, Snail overexpression has 
been associated with lymph node metastasis 
(Blanco et al, 2002) and shorter overall survival 
(Elloul et al, 2005). Besides metastasis, Snail 
overexpression predicts also tumor relapse, 
which was functi onally confi rmed in a breast 
cancer mouse model (Moody et al, 2005). 
Snail has also been associated with aggressive 
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Figure 7:   Snail and Twist share a signifi cant 
number of target genes and eff ector pathways
(A) Numbers of genes signifi cantly deregulated 
by sh-Twist or sh-Snail in RK3ETB cells. RK3ETB cells 
expressing sh-EGFP served as reference. To defi ne the 
Twist or Snail targets, common outliers were obtained 
by overlaying the gene-expression profi les from cell 
clones expressing two independent shRNAs for each 
Twist and Snail. (B) Deregulated genes from panel 
(A) were analyzed by Ingenuity soft ware. Numbers of 
deregulated pathways (130 in total) are shown. 
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is genetically better defined than tumor cell 
lines, because its oncogenic and metastatic 
potential strictly depends on activated TRKB. 
Here, RNAi against Snail did not affect growth 
of the primary, subcutaneous tumors. In 
contrast, the formation of lung metastases 
was strongly impaired, thereby unmasking the 
specific requirement for Snail in spontaneous 
metastasis. Our results, together with 
those discussed above, therefore raise the 
possibility that functional inhibition of Snail in 
cancer may impact on tumor growth, tumor 
cell survival, and/or tumor cell metastasis. 
As transcription factors are not the favorite 
class of targets for pharmacological inhibition, 
upstream regulators of Snail, like glycogen 
synthase kinase 3 β (GSK3B) (Zhou et al, 2004; 
Yook et al, 2006), might provide a better 
target for therapeutic intervention. However, 
our knowledge about the (de-)regulation 
and activation of Snail is still incomplete and 
should be further investigated, as is warranted 
also by this work.

Studies performed in Drosophila showed that 
Twist can bind to the Snail promoter and induce 
Snail expression (Ip et al, 1992). However, 
to date it is unclear whether this epistatic 
relationship is conserved in mammalian cells. 
As Twist is known to also induce EMT and to 
play a critical role in breast cancer metastasis 
(Yang et al, 2004), we determined whether 
a Twist-Snail signaling pathway is conserved 
in the rat epithelial cells. Indeed, our results 
suggest that Twist acts upstream of Snail both 
in regulating E-cadherin and in mediating EMT. 
Others have shown recently that in human 
breast tumor cells, Twist can also directly 
bind to the E-cadherin promoter (Vesuna et al, 
2008); a possible contribution of Snail was not 
addressed in that study. It thus appears that 
E-cadherin is subject to two modes of Twist-
dependent regulation: a direct one involving 
Twist binding to the promoter, and an indirect 
one involving Snail upregulation. In support 
of the existence of a Twist-Snail axis active in 
mammalian cells are our results from the gene 
expression profiles of cells depleted for either 
Twist or Snail. Strikingly, almost 40 percent 
of the significantly changed genes upon Snail 
knockdown were regulated also by Twist 

primary tumor (Olmeda et al, 2008; Olmeda 
et al, 2007b; Olmeda et al, 2007a). A similar 
phenomenon, albeit less dramatically, is 
shown in this paper for Twist. Therefore, it 
is not straightforward to conclude whether 
delayed metastasis is due to metastasis-
specific functions of Snail (for example cell 
invasion, anoikis suppression) or due to its 
more general function in in-vivo tumor cell 
proliferation. The cell system used in our study 
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Figure 8:  Model depicting a critical TRKB effector 
pathway contributing to EMT, anoikis suppression 
and metastasis
TRKB activation leads to induction of both Twist and 
Snail. Both Twist and Snail repress E-cadherin, thereby 
inducing EMT and anoikis suppression, facilitating 
metastasis. Twist, lying upstream of Snail, conceivably 
has additional targets, including those that are 
primarily required for tumor growth. For simplicity, 
only the functional and epistatic relationships that 
are addressed in this paper are indicated. We do not 
exclude other upstream- and downstream factors as 
well as feedback loops that may be present.
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A recent report showed that Twist and Snail 
induce also stem-cell like properties in non-
tumorigenic, as well as transformed, human 
mammary epithelial cells (Mani et al, 2008). 
Taken together with the role of Twist and 
Snail in tumor expansion and metastasis, this 
raises the interesting possibility that genes 
from within the Twist/Snail transcriptome 
are involved in regulating both stem cell 
phenotype and oncogenic transformation. 
While further work should shed light on such 
a possible connection, here, starting from the 
observation that TRKB suppresses anoikis and 
promotes metastasis, we established that 
a Twist-Snail axis mediating EMT is critically 
required for these important cancer biological 
processes. Further elucidation of the factors 
and pathways involved in this program may 
reveal targets for therapeutic intervention.

Materials and Methods

Vector constructs
Mouse pBabe-Hygro (pBH)-BDNF was 
described before (Douma et al, 2004). Mouse 
TRKB (NTRK2, GenBank accession number 
X17647) in the pBabe-Puro (pBP) vector was 
subcloned into pMSCV-blast using the EcoRI 
restriction site. Mouse E-cadherin (X06115) 
in the pBP-IRES-GFP vector was a gift from C. 
Niessen (Gottardi et al, 2001). 3’-HA-tagged 
mouse Snail (SNAI1, NM011427) in the pRV-
IRES-GFP vector was a gift from A. Munoz 
(Palmer et al, 2004). Mouse Twist (TWIST1 
M63649) was a gift from R. Weinberg (Yang 
et al, 2004) and was subcloned into the 
pLZRS-MS-IRES-EGFP (pLSIE-) vector, adding 
a 5’-HA-tag and a Kozak sequence. Forward 
primer was: 5’-CGGGATCCGCCGCCATGGCT-
TACCCATACGATGT TCCAGAT TACGC TATG-
CACGTGTCCAGC-3’, reverse primer was: 
5’-GGAATTCCTAGTGGGACGCGGACATGG-3’. 
Short hairpin (sh)RNAs were expressed from 
pRetroSuper (Brummelkamp et al, 2002) 
with the following targeting sequences: 
EGFP: 5’-GCTGACCCTGAAGTTCATC-3’, 
Twist1 #1: 5’-AGACCAAATTTCACAAGAA-3’, 
Twist1 #2: 5’-GGATCAAACTGGCCTGCAA-3’, 
Snai1 #1: 5’-GAATGTCCTTGCTCCACAA-3’ and 
Snai1 #2: 5’-ACAGCTGCTTCGAGCCATA-3’.

(Figure 7A). Furthermore, when we compared 
the regulation of not only single genes, but 
functional pathways, the overlap between 
Twist- and Snail targets was even more 
pronounced, with >60% of Snail-regulated 
pathways being regulated also by Twist. Several 
of these pathways are connected to tumor 
progression, including the ‘Hepatic Fibrosis 
pathway’ and the ‘Leukocyte Extravasation 
Signaling pathway’, which were amongst the 
three most significantly, commonly regulated 
pathways by Twist and Snail. EMT has been 
associated with fibrosis and wound healing 
(Kalluri and Neilson, 2003; Ikegami et al, 2007) 
and could be a prerequisite for extravasation 
from vessels. Together, our observations 
strongly suggest that Twist and Snail act in one 
and the same pathway in EMT and metastasis, 
with Snail specifically contributing to the 
metastatic activity of Twist. 

This model leads to the question as to which 
of the targets of Snail are most relevant for 
its metastatic function. One of the best-
studied Snail targets is E-cadherin (Batlle 
et al, 2000; Cano et al, 2000), playing an 
essential role in EMT (Behrens et al, 1989), 
tumor progression (Perl et al, 1998; Derksen 
et al, 2006), and metastasis (Mbalaviele et 
al, 1996; Oka et al, 1993; Onder et al, 2008). 
The loss of E-cadherin–mediated cell-cell 
adhesion is thought to promote cell migration 
and invasion (Birchmeier and Behrens, 1994). 
Furthermore, E-cadherin is part of a complex 
that regulates β-catenin signaling (Cavallaro 
and Christofori, 2001; Gottardi et al, 2001) 
and the activity of RHO GTPases (Noren et 
al, 2000), further impinging on cell migration 
and invasion. We show that restoration of 
E-cadherin expression in TRKB-expressing 
cells that had undergone EMT not only 
restored the epithelial morphology but also 
interfered with anoikis suppression (Figure 2). 
This observation is consistent with the findings 
from a conditional E-cadherin knockout mouse 
model for breast carcinoma, in which loss of 
E-cadherin resulted in anoikis suppression 
(Derksen et al, 2006). Therefore, Twist, Snail 
and E-cadherin conceivably provide a link 
between EMT and anoikis suppression, both 
of which facilitate metastasis. 
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To induce anoikis we seeded 4*105 freshly 
trypsinized cells into Ultra Low Cluster (ULC) 
six-well cell culture dishes (Costar). Plates 
were scanned on an Epson Perfection 4990 
Photo scanner 4 days later. For soft agar assay, 
1*103 trypsinized cells were seeded in 0.4% 
low melting agarose (Sigma) on top of a 1% 
agarose layer and scans were taken 11 days 
later. Numbers of macroscopic colonies were 
determined using ImageJ software (http://rsb.
info.nih.gov/ij/index.html).

 
Immunoblotting and antibodies
Cell pellets were lysed in RIPA buffer (50 mM 
TRIS pH8.0, 150 mM NaCl, 1% nonidet P40, 
0.5% sodium deoxycholate, 0.1% SDS) and 
protein concentration was determined using 
BioRad Protein Assay. Immunoblot analysis 
was performed using standard techniques, 
either on 7% polyacrylamide-SDS gels, or 
on 4-12% bis-tris precast gels (NuPAGE) for 
Twist and Snail. Antibodies used were: pan-
TRK (C-14, Santa Cruz), BDNF (N20, Santa 
Cruz), Twist hybridoma supernatant (Gitelman, 
1997), Snail (H130, Santa Cruz for detection 
of overexpressed mouse Snail, hybridoma 
supernatant from K. Becker Sn9H2, (Rosivatz 
et al, 2006) for endogenous human Snail), 
E-cadherin, α-catenin, β-catenin, γ-catenin, 
fibronectin, vimentin (all from BD), smooth 
muscle actin (1A4, Sigma), CDK4 (C22, Santa 
Cruz), β-actin (AC74, Sigma) and α-tubulin 
(DM 1A, Sigma). All antibodies were diluted 
1:2000 in 4% Protifar plus (Nutricia), except 
antibody for TRKB: 1:1000, BDNF: 1:500, Snail 
H130: 1:1000, Twist: 1:3 in PBS + 0,2% Tween, 
and Snail: 1:10 in PBS + 0,2% Tween. Protein 
detection for western blotting was done with 
ECL reagent (Amersham) and exposed films 
were scanned on an Epson Perfection 4990 
Photo scanner.

 

Immunofluorescence
Cells were grown on glass coverslips, fixed 
in 4% formaldehyde in PBS (in 70% ethanol 
for cells expressing pBP-IRES-GFP and 
pBP-IRES-GFP-Ecadherin to inactivate GFP 
signal), permeabilized with 0,2% triton-X 
and blocked in 5% normal goat serum in 

Cell culture, retroviral transduction, anoikis- 
and soft agar assays
Rat intestinal epithelial RIE-1 cells (a kind gift 
from R.D. Beauchamp and K.D. Brown, Blay 
and Brown, 1984) and E1A-immortalized 
rat kidney RK3E cells (ATCC) were cultured 
in Dulbecco’s modified Eagle’s Medium 
(DMEM) (Gibco) supplemented with 9% 
fetal calf serum (PAA laboratories GmbH) 
and penicillin+streptomycin (Gibco). Human 
breast epithelial MCF10A cells expressing 
the ecotropic receptor were cultured in 
DMEM-F12 (1:1) (Gibco) supplemented 
with 15 mM Hepes buffer, 5% equine serum, 
penicillin+streptomycin, 0.5 µg/ml fungizone, 
10 µg/ml insulin, 20 ng/ml EGF, 100 ng/ml 
cholera toxin and 0.5 µg/ml hydrocortisone. 
Ecotropic retrovirus was produced in Phoenix 
packaging cells (http://www.stanford.edu/
group/nolan/retroviral_systems/phx.html). 
We transduced RIE-1, RK3E and MCF10A cells 
first with pBH-BDNF viral supernatant in the 
presence of 3.5 µg/ml polybrene (Sigma). 
Cells were selected with hygromycin B (112.5 
µg/ml for RIE-1 and 75 µg/ml for RK3E and 
MCF10A) and subsequently infected with 
TRKB viral supernatant. Stable cell lines were 
established by selection with blasticidin 
(5 µg/ml for RIE-1 cells, 2.5 µg/ml for RK3E 
cells) or with puromycin (MCF10A, 1.0 µg/
ml). To generate cell lines expressing shRNAs, 
pBH-BDNF-expressing RK3E or RIE-1 cell pools 
were infected with pRS-Twist, pRS-Snail or 
pRS-EGFP. Cells were selected with 1.0 µg/
ml puromycin (1.5 µg/ml for RIE-1 cells) and 
subsequently infected with pMSCV-blast-
TRKB. To generate stable cell clones, cells 
were seeded at clonal densities and selected 
in medium containing 2.5 µg/ml blasticidin. 
One week later, single clones were picked and 
expanded. For re-introduction of E-cadherin, 
RK3E cells expressing MSCV-blast-TRKB + 
pBH-BDNF (“RK3ETB” cells) were transduced 
with pBP-GFP-E-cadherin and seeded at 
low density in medium containing 1.0 µg/ml 
puromycin to obtain independent cell clones. 
For functional rescue experiments, RK3ETB 
cell clones expressing shRNAs against Twist 
or Snail were infected with pRV-IRES-GFP-
Snail-HA or pLSIE-HA-Twist and subjected to 
Fluorescence-Activated Cell Sorting (FACS). 
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diameter of the tumor. Metastatic lesions in 
the lungs were counted by visual inspection 
of hematoxylin-eosin (HE) stained histological 
tissue sections. Sections were analyzed on an 
Axiovert-S100 microscope system with a color 
CCD camera and Axio Vision software (Zeiss). 
The sizes of metastases and the area of lung 
tissue per section were determined with 
ImageJ software. Total lung area analyzed 
was 19.5 cm2 for sh-EGFP #1, 17.3 cm2 for sh-
EGFP #2, 11.6 cm2 for sh-Snail #1, and 19.1 cm2 
for sh-Snail #2. For experimental metastasis, 
1*106 cells were injected into the tail veins of 
8-14 weeks old female Balb/c nude mice. Mice 
were inspected daily and euthanized by CO2 
when clinical symptoms became apparent. 
Kaplan-Meier survival curves were generated 
in SPSS 14.0. 

Microarray analysis
Microarray analysis was performed on total 
RNA labeled with CY3 or CY5. The RNA was 
subsequently hybridized to Rat Agilent 4x 
whole genome oligo-arrays (Agilent). A dye 
swap was performed for each experiment. 
To determine the overlap between Twist 
and Snail targets, common outliers (P<0.01) 
between the two clones with independent 
shRNAs targeting either gene were selected 
first. Subsequently, “common Twist outliers” 
were overlaid with “common Snail outliers”. 
To determine whether the overlap between 
the common Twist outliers and common 
Snail outliers was significant, we performed 
a Fischer’s Exact Test. Common Twist outliers 
and common Snail outliers were analyzed 
by Ingenuity analysis (Ingenuity IPA 6.0 1202, 
www.ingenuity.com). To determine pathways 
regulated by both Twist or Snail, a combined 
pathway analysis was performed. Statistical 
analysis was done with a Fischer’s Exact Test.
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Supplementary fi gure 1:  E-cadherin and Snail 
are involved in TRKB-induced anchorage-
independent growth
(A) 1*103 RK3E cells expressing indicated cDNAs were 
grown in 0.4% agarose for 11 days; quanti fi cati on of 
macroscopic colonies (n=3, error bars represent s.d.) 
is shown. (B) 1*103 RK3E cells expressing indicated 
cDNAs were grown in 0.4% agarose for 11 days; 
quanti fi cati on of macroscopic colonies (n=3, error 
bars represent s.d.) is shown.
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Supplementary fi gure 2:  Twist is involved in 
TRKB-induced EMT
Sh-Twist prevents morphologic transformati on of 
RIE-1 cells by TRKB+BDNF. 
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Supplementary fi gure 3:  Twist is involved in 
TRKB-induced anoikis resistance and anchorage-
independent growth 
(A) 4*105 RK3E cells expressing indicated cDNAs 
were cultured on ULC plates and scanned at 1x 
magnifi cati on aft er 4 days. (B) 1*103 RK3E cells 
expressing indicated cDNAs were grown in 0.4% 
agarose for 11 days; 1x magnifi cati on (left  hand 
panel) and quanti fi cati on of macroscopic colonies 
(right hand panel, n=3, error bars represent s.d.) is 
shown. 
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Supplementary fi gure 4:  Sh-Twist does not aff ect 
cell proliferation in vitro
Equal numbers of RK3ETB cells expressing the 
indicated shRNAs were seeded on regular cell culture 
plates and counted every 2 to 3 days. 
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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 



120

6

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 



General Discussion

121

6

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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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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Met het “metastaseren” van tumoren wordt het verspreiden en uitgroeien van 
tumorcellen vanuit een primaire tumor naar andere organen bedoeld. Borstkanker, 
bijvoorbeeld, verspreidt zich vaak naar de longen, lever, hersenen of botten. Meestal 
zijn het deze secundaire tumoren, en niet de primaire tumor, die kanker dodelijk 
maken. Maar hoewel metastasering het meest levensbedreigende aspect van kanker 
vormt, is onze kennis omtrent het metastaseringsproces vooralsnog beperkt. Onze 
onderzoeksgroep heeft eerder aangetoond dat de receptor tyrosine kinase TRKB kan 
bijdragen aan het proces van metastasering. In dit proefschrift wordt beschreven 
hoe TRKB tumorigenese en metastasering stimuleert. Deze kennis is van belang als 
we willen bepalen of farmacologische remming van TRKB een mogelijkheid is bij de 
behandeling van kankerpatiënten met tumoren die TRKB tot overexpressie brengen of 
geactiveerd hebben.

Nederlandstalige Samenvatting

Kanker ontstaat wanneer cellen mutaties 
in hun genoom (veranderingen in het 
erfelijk materiaal, het DNA) ophopen die tot 
ongecontroleerde celdeling leiden. Terwijl 
goedaardige tumoren duidelijk begrensde 
celmassa’s in het weefsel vormen, infiltreren 
en beschadigen kwaadaardige tumoren het 
omringende gezonde weefsel. Dit kan zo ver 
gaan dat tumorcellen in bloed- en lymfevaten 
terechtkomen en zich zo naar andere 
organen verspreiden, waar ze tot een nieuwe, 
secundaire tumor uitgroeien. Metastasering 
vindt plaats in een aantal stappen (uitgelegd 
in hoofdstuk 1). Kort samengevat passeren 
metastaserende epitheliale tumorcellen 
eerst de basaalmembraan die het epitheel 
begrenst, voordat ze het omringende weefsel 
en de vaten infiltreren. Via de vaten worden 
de cellen door het lichaam getransporteerd. 
Als de cellen vastlopen in een capillair bed 
(minuscule bloedvaatjes), kunnen ze de vaten 
verlaten en uiteindelijk uitgroeien tot een 
secundaire tumor, of metastase. 

Het metastaseringsproces is niet alleen 
complex en langdurend, maar ook erg 
inefficiënt. De reden hiervoor is dat als een 
tumorcel faalt om één van de bovengenoemde 
stappen te voltooien het hele proces faalt. 

Eén van de valkuilen die een metastaserende 
tumorcel moet ontlopen is de activatie 
van geprogrammeerde celdood (apoptose), 
die optreedt als reactie op het ontbreken 
van adhesie (interacties tussen de cel en 
z’n omgeving), bijvoorbeeld binnenin een 
bloedvat. Deze reactie, “anoikis” genaamd, 
is intrinsiek aan normale epitheliale cellen, 
maar vaak verstoord in tumorcellen. De 
metastaserende tumorcel moet anoikis dus 
onderdrukken om zich te kunnen verspreiden.

Om nieuwe genen te ontdekken die anoikis 
kunnen onderdrukken en daarmee mogelijk 
metastasering vergemakkelijken, heeft 
onze onderzoeksgroep een functionele, 
genomische screen uitgevoerd. Hierbij 
wordt een volledige gen-bibliotheek getest 
op één bepaalde functie, in dit geval 
onderdrukking van anoikis. In deze screen 
hebben we de neurotrofe receptor TRKB 
(ook bekend als NTRK2) geïdentificeerd 
(beschreven in hoofdstuk 2). TRKB maakt 
epitheliale cellen resistent tegen anoikis en 
in overeenstemming met onze hypothese 
vormen cellen met TRKB metastaserende 
tumoren in immunodeficiënte muizen (muizen 
met een verzwakt immuunsysteem). Normaal 
functionerend is TRKB vooral in zenuwweefsel 
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hebben voor de kinase-activiteit van TRKB, of 
überhaupt voor het ontstaan van kanker. Het is 
dus onduidelijk of deze mutaties zogenoemde 

“drijvermutaties” zijn (die kanker veroorzaken) 
of alleen “passagiermutaties” (die geen 
directe bijdrage leveren aan het ontstaan 
van kanker). Terwijl het remmen van een 
drijvermutatie een tumor kan laten krimpen, 
heeft het remmen van een passagiersmutatie 
geen effect. Om dit voor TRKB te onderzoeken 
hebben we vier TRKB mutanten, die gevonden 
zijn in tumoren bij mensen, gekarakteriseerd. 
Voor elk hebben we de capaciteit om anoikis 
te onderdrukken en tumoren te vormen 
bepaald en vergeleken met die van wild-type 
TRKB (beschreven in hoofdstuk 4). Andere 
onderzoekers hebben twee van deze TRKB 
puntmutaties in darmkanker ontdekt, één 
puntmutatie is geïdentificeerd in een long 
adenocarcinoom (longkanker) cellijn en onze 
eigen analyse heeft een puntmutatie in een 
melanoom (huidkanker) cellijn opgeleverd. 
Echter, in tegenstelling tot onze verwachting, 
lijkt het erop dat geen van de onderzochte 
TRKB mutaties een “gain-of-function” 
fenotype heeft, hetgeen betekent dat ze niet 
meer kankergroei geven dan de wild-type 
vorm van TRKB. De twee darmkankermutaties 
hebben zelfs minder oncogene activiteit en 
worden ook minder sterk geactiveerd door 
het TRKB ligand BDNF (het eiwit dat buiten 
de cel aan TRKB bindt en daarmee activeert). 
Hierbij dient te worden aangetekend dat we 
niet geheel uit kunnen sluiten dat technische 
beperkingen van ons experimenteel systeem 
hier (mede) debet aan zijn. Deze resultaten 
suggereren dat activatie door puntmutatie 
niet een primair mechanisme is waarmee 
TRKB wordt geactiveerd in kanker.

Hoofdstuk 5 beschrijft het mechanisme 
van anoikis-suppressie, tumorformatie 
en metastasering door verhoogde TRKB 
activiteit. Wat we hier laten zien is dat TRKB 

“Epitheliale-Mesenchymale Transformatie” 
(EMT) induceert. EMT is een cellulair 
programma dat normaal gesproken van 
belang is voor de embryonale ontwikkeling, 

te vinden, waar het onder andere de overleving 
van zenuwcellen bevordert. Maar TRKB is ook 
verhoogd aanwezig in verschillende kankers 
en zou daarom een mogelijk doelwit voor 
kankertherapie kunnen vormen. Echter, eerst 
moet bepaald worden welke soort tumoren 
TRKB daadwerkelijk nodig hebben. Verder 
is meer kennis vereist over hoe het anoikis 
precies onderdrukt en tumorontwikkeling en 
metastasering beïnvloedt.

Om bij de laatste vraag vooruitgang te 
boeken, hebben we eerst onderzocht welke 
functie van TRKB nodig is voor zijn oncogene 
(kankerveroorzakende) eigenschappen. Is 
het de enzymatische kinase-activiteit (het 
fosforyleren van TRKB substraten, hetgeen 
tot activering van signaalpaden in de cel leidt), 
of is het de potentiële rol als adhesiemolecuul 
die anoikis zou kunnen tegenwerken? Om 
deze vraag te beantwoorden hebben we 
mutante vormen van TRKB gemaakt die 
steeds één van deze functies verloren hebben. 
Vervolgens hebben we de capaciteit om 
anoikis te onderdrukken en metastaserende 
tumoren te vormen vergeleken tussen mutant 
en wild-type (normaal) TRKB (beschreven in 
hoofdstuk 3). Het blijkt dat de kinase-activiteit 
zowel voldoende als noodzakelijk is voor al 
deze functies. Dit leidt tot twee conclusies: 
ten eerste bevestigen onze resultaten dat de 
huidige inspanningen om TRK kinase-remmers 
te ontwikkelen en deze in preklinische 
kankermodellen te testen voortgezet dienen 
te worden. Ten tweede suggereren onze 
resultaten dat kinase-activerende TRKB 
mutaties kanker (mede) zouden kunnen 
veroorzaken.

De tweede voorspelling wordt ondersteund 
door het feit dat de afgelopen jaren door 
het systematisch sequencen van het DNA 
(het bepalen van de erfelijke code) van 
grote aantallen van humane tumoren en 
tumorcellijnen meerdere TRKB puntmutaties 
(een verandering van slechts één “nucleotide” 
in het DNA) zijn gevonden. Het is echter 
onbekend of deze mutaties consequenties 
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verhoogde hoeveelheden of activiteit van 
TRKB de anoikis-onderdrukkende, EMT-
inducerende en misschien nog andere 
functies van de receptor gebruiken om 
tumorontwikkeling en metastasering te 
vergemakkelijken. Daarom speculeren we 
dat het blokkeren van TRKB activiteit met 
behulp van medicijnen tumorformatie en 
metastasering op meerdere manieren kan 
remmen. Het vereist echter meer onderzoek 
naar de rol van TRKB in kanker voordat we 
met zekerheid kunnen zeggen of het een 
waardevol doelwit is voor kankertherapie.

maar dat door tumorcellen wordt gebruikt, of 
misbruikt, voor metastasering. Verder vinden 
we dat twee transcriptiefactoren (eiwitten 
die aan het DNA binden en de activiteit van 
genen reguleren), twist en snail, noodzakelijk 
zijn voor TRKB-geïnduceerde EMT en anoikis-
suppressie. Ook werd duidelijk dat twist en 
snail in hetzelfde signaaltransductiepad liggen, 
waarbij twist snail reguleert. Hoewel twist een 
breder spectrum aan functies heeft en zowel 
tumorgroei als metastasering stimuleert, is 
snail specifiek vereist voor metastasering in 
deze context.

In conclusie (hoofdstuk 6), hebben we in dit 
proefschrift aangetoond dat het de moeite 
waard is de tumor- en metastasering-
stimulerende rol van TRKB verder te 
onderzoeken, hoewel (of omdat) sluitend 
experimenteel bewijs dat TRKB een bona 
fide kankergen is vooralsnog ontbreekt. Zo 
zijn er bijvoorbeeld recentelijk vier nieuwe 
TRKB mutaties in een specifieke vorm van 
longkanker geïdentificeerd. Het effect dat 
deze mutaties op de activiteit van TRKB 
en het ontstaan van kanker hebben is nog 
onbekend en moet worden onderzocht. 
Voorts zijn we onlangs begonnen met het 
analyseren van humane kankercellijnen voor 
(verhoogde) TRKB expressie. Interessant is 
dat een aantal cellijnen grote hoeveelheden 
van gemodificeerde varianten van TRKB 
blijken te hebben. We zijn nu bezig met het 
karakteriseren van deze varianten en het 
testen of ze versterkte kanker-stimulerende 
en metastaserende eigenschappen hebben. 
Meer in het algemeen denken we dat het 
krachtige cellulaire systeem dat we hebben 
ontwikkeld (gebaseerd op RK3E en RIE-1 
cellen) in de toekomst gebruikt kan worden 
om de verschillende aspecten van het 
ontstaan van metastasen te onderzoeken. 
Dit experimentele celsysteem kan gebruikt 
worden voor het bestuderen van verschillende 
kanker-relevante settings, zoals anoikis, EMT, 
tumorigenese en metastasering.

Het is aannemelijk dat tumorcellen met 
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previously performed a functional genome-
wide screen. In this screen, we identified 
the neurotrophic receptor TRKB/NTRK2 
(summarized and discussed in chapter 2). 
TRKB turns epithelial cells completely anoikis-
resistant. Consistent with our hypothesis, 
TRKB-expressing cells become highly 
tumorigenic and metastatic when injected 
into immunocompromised mice. Normally, 
TRKB is expressed mainly in the nervous 
system, where it, amongst other functions, 
promotes neuronal survival. Interestingly, 
TRKB is overexpressed or mutated in several 
human cancers and could therefore provide 
a target for anticancer therapy. However, this 
would first require an inventory of which 
cancers depend on TRKB activity. It would also 
demand a better understanding of how TRKB 
promotes anoikis suppression, tumorigenesis 
and metastasis at the molecular level.
 
To address in particular the last question, we 
first investigated which functions of TRKB 
are required for its pro-oncogenic (= cancer-
causing) effects. Is it the enzymatic kinase 
function (that is, the phosphorylation of TRKB 
substrates, usually leading to the activation 
of intracellular signaling pathways) or is it its 
potential role as an adhesion molecule that 
could counteract the anoikis response? To 
solve this issue, we generated various mutants 

Cancer arises when a cell acquires mutations 
in its genome that lead to uncontrolled 
proliferation (cell division). Whereas benign 
tumors remain as localized, defined cell 
masses, malignant tumors invade and disrupt 
the surrounding tissue. Some tumor cells can 
enter blood or lymph vessels and spread to 
distant organs, where they create secondary 
tumors. Metastasis is a multistep process 
(described in chapter 1). Briefly, to successfully 
metastasize epithelial tumor cells must 
traverse the basement membrane that lines 
the epithelium, invade the surrounding tissue 
and enter vessels, be transported through 
those vessels and arrest in a distant capillary 
bed, exit the vessel and eventually grow out 
to a secondary tumor. Metastasis is not only 
a very slow and complex process, it is also 
highly inefficient, as it is precluded by failure 
to comply with any of the above-mentioned 
steps. One of the barriers that a metastatic 
tumor cell must overcome is programmed 
cell death (apoptosis) in response to the lack 
of adhesion, for example upon entering into 
vessels. This response, called “anoikis”, is 
intrinsic to normal epithelial cells. Metastatic 
tumor cells, on the other hand, must suppress 
anoikis. 

To find novel genes that suppress anoikis and 
potentially facilitate metastasis, our group has 

“Metastasis” corresponds to the spread and outgrowth of cancer cells at distant 
anatomical sites from the primary tumor. For example, breast cancer frequently 
spreads to organs like lungs, brain, bones or liver. It is these secondary tumors, rather 
than the primary tumor, which usually cause cancer morbidity and mortality. Although 
metastasis is the most lethal aspect of cancer, it is also the least understood in cancer 
biology. Our laboratory has previously identified the receptor kinase TRKB as a novel 
potential metastasis-associated oncogene. In this thesis, we describe how TRKB can 
mediate tumorigenesis and metastasis. This knowledge is important to evaluate 
whether pharmacological inhibition of TRKB is an approach to treat patients suffering 
from tumors in which TRKB is activated or overexpressed.

English Summary
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mutations in cancer.

In chapter 5, we describe a mechanism of how 
TRKB activation leads to anoikis suppression, 
tumorigenesis and metastasis. We show that 
TRKB induces “Epithelial-to-Mesenchymal 
Transition” (EMT), a developmental program 
that is used by tumor cells for metastasis. We 
subsequently establish the critical requirement 
of two transcription factors, twist and snail, 
for TRKB-induced EMT, and show that they 
are involved also in anoikis resistance. We 
find that twist and snail act in one and the 
same pathway and more specifically, that 
twist is regulating snail. Whereas twist has a 
more promiscuous function, affecting both 
primary tumor growth and metastasis, we 
demonstrate that snail is specifically required 
only for metastasis in this context. 

In conclusion (chapter 6), our results 
demonstrate that the oncogenic role of TRKB 
is worthy of further investigation, even though 
the experimental evidence is not yet strong 
enough to classify TRKB as a bona fide cancer 
gene driving tumor formation and progression. 
For example, four more TRKB point mutations 
have recently been reported in large cell 
neuroendocrine lung carcinomas. Their effect 
on TRKB function and oncogenicity has not 
been addressed, and should be investigated. 
We have just started to assess human tumor 
cell lines for elevated TRKB expression and, 
interestingly, observe that several of them 
express high levels of an aberrant form of 
TRKB. We are now in the process of further 
characterizing these forms to test whether 
they have increased oncogenic or metastatic 
properties. As also described in this thesis, 
we have established two experimental cell 
systems, based on RK3E cells and RIE-1 cells, 
which are both highly sensitive to anoikis and 
undergo EMT in response to several oncogenes. 
Furthermore, upon oncogenic transformation 
both efficiently produce metastasizing tumors 
in immunocompromised mice. These cell 
systems will allow us to investigate different 
aspects of metastasis in future studies. 

of TRKB in each of which one of these functions 
has been abolished. We subsequently tested 
their ability to morphologically transform 
epithelial cells, to suppress anoikis and to 
form metastatic tumors in mice (described in 
chapter 3). Our study showed that only TRKB 
kinase activity is required and sufficient for all 
of these functions. This finding leads to several 
conclusions. First, it encourages the ongoing 
attempts to develop TRK kinase inhibitors for 
anticancer therapy and to test them in a pre-
clinical setting. Second, it suggests that TRKB 
mutations that increase the kinase activity 
may be oncogenic. 

Regarding the second issue, by systematic, 
large scale sequencing several TRKB point 
mutations have been found in human tumors 
and in human tumor cell lines. However, it is 
unknown what the functional consequences 
of these mutations are, whether they affect 
TRKB kinase activity and thereby contribute 
to oncogenicity. In other words, do these 
mutations represent “driver mutations” or 

“passenger/bystander mutations”? Whereas 
inhibition of a “driver” cancer gene can lead 
to tumor shrinkage, blocking a “passenger” 
supposedly has no effect. To address this issue, 
we cloned four different cancer-derived TRKB 
mutants and compared their potential to 
suppress anoikis and to form tumors to that 
of wild-type TRKB (described in chapter 4). 
Others had identified two TRKB point 
mutations in colorectal tumors, one point 
mutation was found in a lung adenocarcinoma 
cell line and our own analysis revealed 
another TRKB point mutation in a melanoma 
(a skin cancer) cell line. Unexpectedly, none 
of the mutants analyzed showed a gain-of-
function phenotype, meaning that they did 
not display more oncogenic activity than 
wild-type TRKB, at least within the limitations 
of our experimental system. In fact, the two 
colorectal cancer-derived mutants had even 
less transforming activity than wild-type TRKB 
and were less activated by TRKB ligand (BDNF). 
In conclusion, our findings do not support 
a role for these TRKB mutations as driver 
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Conceivably, tumor cells that activate or 
overexpress TRKB use its anoikis suppressive, 
EMT-promoting, and possibly also other 
functions for tumor progression and 
facilitation of metastasis. Therefore, blocking 
TRKB function with pharmacological drugs 
could interfere with tumorigenesis and 
metastasis at several levels. However, more 
research will be required to better understand 
the role of TRKB in human cancer, and to 
establish whether it represents a promising 
target for anticancer therapy.
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Prozess zum Erliegen. Eine der Hürden, 
welche metastasierende Tumorzellen über-
winden müssen, ist der programmierte 
Zelltod (Apoptose) als Reaktion auf fehlende 
Zelladhäsion, zum Beispiel im Inneren von 
Gefässen. Diese "Anoikis" genannte Reaktion 
ist normalen Epithelzellen zu Eigen und oft 
gestört in Krebszellen. Bösartige Tumorzellen 
müssen Anoikis unterdrücken, um Metastasen 
bilden zu können.

Mit dem Ziel, neue Gene zu finden die 
Anoikis unterdrücken und auf diese Weise 
Metastasenbildung fördern können, 
hat unsere Forschungsgruppe in der 
Vergangenheit ein funktionelles “Screening” 
von Genen durchgeführt. Dabei wird 
eine komplette Gen-Bibliothek auf eine 
spezielle Funktion hin (in diesem Falle die 
Unterdrückung von Anoikis) getestet. Auf 
diese Art und Weise wurde der Tyrosinkinase- 
Rezeptor TRKB/NTRK2 als Anoikis-Suppressor 
identifiziert (beschrieben in Kapitel 2). TRKB 
macht Epithelzellen resistent gegenüber 
Anoikis und, in Übereinstimmung mit unserer 
Hypothese, hochgradig krebsbildend und 
metastasierend in immunsupprimierten 

Krebs entsteht, wenn Körperzellen 
Mutationen (Veränderungen in der 
Erbsubstanz, der DNS) akkumulieren, welche 
zu unkontrolliertem Zellwachstum führen. 
Während ein gutartiger Tumor als definierte 
Zellmasse im ursprünglichen Gewebe 
verbleibt, infiltriert ein bösartiger Tumor 
das umliegende Gewebe und zerstört es. 
Dies kann dazu führen, dass Tumorzellen in 
Blut- und Lymphgefässe eindringen und so 
in entfernte Organe gelangen, wo sie neue 
Tumore bilden können. Metastasenbildung 
geschieht in mehreren Stufen (beschrieben 
in Kapitel 1): Epitheliale Tumorzellen lösen 
sich von der ursprünglichen Geschwulst ab 
und durchdringen die Basalmembran, welche 
das Epithel begrenzt. Danach dringen sie ins 
umliegende Gewebe und ins Gefässystem 
ein, werden durch den Blut- und Lymphstrom 
in andere Gewebe transportiert, wo sie aus 
den Gefässen austreten und schlussendlich 
zu Metastasen auswachsen. Die Entstehung 
von Metastasen ist nicht nur ein äusserst 
komplexer und langwieriger Prozess, er ist 
auch in hohem Masse ineffizient. Können 
die Tumorzellen einen der oben genannten 
Schritte nicht vollenden, kommt der gesamte 

Metastasen sind Sekundärgeschwulste (oder -tumore), welche als Ableger von der 
ursprünglichen Geschwulst abstammen und sich in anderen Geweben ausbreiten. 
Brustkrebs, beispielsweise, greift oft auf die Lunge, Leber, Knochen oder auf das 
Gehirn über. In den meisten Fällen sind die Metastasen und nicht der ursprüngliche 
Tumor verantwortlich für den letalen Ausgang von Krebserkrankungen. Obwohl 
Metastasen die schwerwiegensten Konsequenzen für Krebspatienten haben, ist die 
Metastasenbildung der am wenigsten verstandene Aspekt der Krebsbiologie. Unsere 
Forschungsgruppe hat vor einigen Jahren den Kinase Rezeptor TRKB als neues 
potentielles Metastasierungs-Gen entdeckt. In dieser Dissertation beschreiben wir, wie 
TRKB die Tumorentstehung und Metastasenbildung beeinflussen kann. Dieses Wissen 
ist wichtig um abschätzen zu können, ob eine pharmakologische Hemmung von TRKB 
in Tumoren mit TRKB Überexprimierung oder –aktivierung ein Behandlungsansatz 
für Krebspatienten sein könnte.

Deutsche Zusammenfassung
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Sequenzieren von Tumoren und von Tumor-
Zelllinien entdeckt. Die Auswirkungen dieser 
Mutationen auf die Funktion von TRKB wurden 
jedoch noch nicht beschrieben. Insbesondere 
ist unbekannt, ob diese Mutationen die 
Kinase-Aktivität beeinflussen, und ob sie 
zur Tumorbildung beitragen. Mit anderen 
Worten, handelt es sich bei den gefundenen 
Mutationen um sogenannte “treibende” 
Mutationen, welche Krebs verursachen, oder 
um “mitlaufende” Mutationen, die nicht 
zur Krebsentstehung beitragen? Während 
das Hemmen eines treibenden Krebsgens 
einen Tumor zum Schrumpfen bringen 
kann, hat das Hemmen eines Mitläufergens 
voraussichtlich keinen solchen Effekt. Um dies 
zu untersuchen, haben wir vier verschiedene 
Krebs-assoziierte TRKB-Mutationen kloniert 
und deren Potential zur Unterdrückung 
von Anoikis und zur Tumorbildung mit der 
des Wildtyps verglichen (beschrieben in 
Kapitel 4). Andere Forschungsgruppen haben 
zwei TRKB-Punktmutationen in Darmtumoren 
identifiziert, eine weitere Punktmutation 
wurde in einer Lungen-Adenokarzinom-
Zelllinie gefunden, und unsere eigene Analyse 
brachte eine weitere TRKB-Punktmutation in 
einer Melanom- (Hautkrebs-) Zelllinie hervor. 
Unerwarteterweise hatte jedoch keine 
dieser Mutationen einen “gain-of-function” 
Effekt (verstärkte oder zusätzliche Funktion, 
verglichen mit dem Wildtyp), d.h. sie waren, 
zumindest innerhalb der Grenzen unseres 
Zellsystems, nicht stärker krebsauslösend als 
Wildtyp TRKB. Beide Darmkrebsmutanten 
hatten sogar weniger onkogene Aktivität als 
Wildtyp TRKB und wurden auch weniger stark 
durch den TRKB-Liganden BDNF aktiviert. 
Folglich suggerieren unsere Resultate, dass 
die beschriebenen TRKB-Mutationen keine 
krebstreibenden Mutationen sind. Wir weisen 
jedoch darauf hin, dass wir diese Mutanten 
nicht in ihrem ursprünglichen zellulären 
Kontext getestet haben. Unserem Zellsystem 
könnten demnach ein oder mehrere Faktoren 
fehlen, welche mit den TRKB-Mutanten 
kooperieren, so dass deren Effekt unentdeckt 
blieb. Unsere Resultate deuten aber darauf 

Mäusen. Normalerweise ist TRKB haupt-
sächlich im Nervensystem aktiv, wo es unter 
anderem das Überleben von Nervenzellen 
fördert. Interessanterweise findet man TRKB 
auch in verschiedenen Tumoren exprimiert. 
Folglich könnte TRKB ein Zielmolekül in der 
Krebstherapie sein. Dies setzt aber eine 
Bestandesaufnahme derjenigen Krebsarten 
voraus, welche auf TRKB-Aktivität angewiesen 
sind. Zudem brauchen wir ein besseres 
molekulares Verständnis dafür, wie TRKB 
Anoikis unterdrückt und die Tumor- und 
Metastasenbildung fördert.
 
Mit diesem Ziel vor Augen haben wir als 
Erstes getestet, welche Funktion von TRKB für 
seine onkogene (= krebsauslösende) Wirkung 
erforderlich ist. Ist es die enzymatische 
Kinase-Aktivität (die Phosphorylierung von 
Substratmolekülen, was üblicherweise zur 
Aktivierung intrazellulärer Signalkaskaden 
führt) oder ist es die potentielle Funktion 
als Adhäsionsmolekül, welche TRKB Anoikis 
unterdrücken lässt? Um Antworten auf 
diese Fragen zu bekommen, haben wir 
verschiedene TRKB-Mutanten kreiert, 
welche jeweils nur eine dieser Funktionen 
ausführen können. Diese mutanten TRKB-
Rezeptoren haben wir daraufhin auf ihr 
Potential zur Unterdrückung von Anoikis und 
zur Bildung von metastasierenden Tumoren 
getestet und mit dem des Wildtyp Rezeptors 
(des normalen, unveränderten Rezeptors) 
verglichen (beschrieben in Kapitel 3). Unsere 
Versuche zeigen, dass die Kinase-Aktivität 
notwendig und hinreichend ist für alle diese 
Effekte. Diese Erkenntnis führt uns zu zwei 
Schlussfolgerungen: Erstens bestärken unsere 
Resultate die laufenden Bemühungen, TRK-
Kinase-Hemmer zu entwickeln und diese 
in präklinischen Krebsmodellen zu testen. 
Zweitens suggerieren sie, dass Mutationen, 
welche die Kinase-Aktivität von TRKB 
verstärken, krebsauslösend sein könnten.

Was die zweite Schlussfolgerung anbelangt, 
wurden in den letzten Jahren mehrere TRKB- 
Punktmutationen durch systematisches 
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sowie metastasierende Tumore in 
immunsupprimierten Mäusen bilden. Dieses 
Zellsystem wird uns in Zukunft erlauben, 
verschiedene Aspekte der Metastasenbildung 
zu untersuchen.

Es scheint, dass Tumorzellen welche TRKB 
aktivieren oder überexprimieren dessen 
Anoikis-unterdrückenden, EMT-fördernden 
und möglicherweise noch weitere 
Funktionen dazu benutzen, fortschreitendes 
Tumorwachstum und Metastasenbildung zu 
erleichtern. Folglich könnte das Blockieren 
der TRKB-Aktivität mittels Pharmaka das 
Tumorwachstum und die Metastasenbildung 
auf mehreren Stufen hemmen. Weitere 
Untersuchungen sind jedoch vonnöten, um ein 
besseres Verständnis für die Rolle, die TRKB 
in der Krebsentstehung spielt, zu erreichen. 
Nur so wird es möglich sein zu entscheiden, 
ob TRKB ein lohnender Ansatzpunkt für 
zukünftige Krebstherapien ist.

hin, dass TRKB in Tumoren nicht primär durch 
Punktmutationen aktiviert wird.

In Kapitel 5 beschreiben wir einen 
Mechanismus, wie TRKB Anoikis unterdrückt 
und die Bildung von Tumoren und Metastasen 
fördert. Wir zeigen, dass TRKB “epithelial-
mesenchymale Transformation“ (EMT) 
induziert. EMT ist ein entwicklungs-
biologisches zelluläres Programm, welches 
von Krebszellen zur Metastasenbildung 
zweck entfremdet wird. Wir zeigen auf, dass 
zwei Transkriptionsfaktoren, Twist und Snail 
(Proteine welche an die DNS binden und so die 
Genaktivität regulieren), für TRKB induzierte 
EMT und Anoikis-Suppression notwendig sind. 
Des weiteren agieren Twist und Snail in ein und 
derselben Signalkaskade, wobei Twist Snail 
reguliert. Während Twist weitreichendere 
Funktionen ausübt und sowohl die Bildung von 
Primärtumoren wie auch die von Metastasen 
beeinflusst, ist Snail in diesem Zusammenhang 
spezifisch zur Metastasenbildung notwendig.

Zusammenfassend folgern wir (siehe Kapitel 6), 
dass die krebstreibenden Effekte von TRKB 
weitere Untersuchungen erfordern und 
verdienen, auch wenn die experimentellen 
Beweise noch nicht ausreichen, um TRKB 
als klassisches Krebsgen zu etablieren. So 
wurden zum Beispiel kürzlich vier weitere 
TRKB-Punktmutationen in einer speziellen 
Form von Lungenkrebs entdeckt, deren 
Auswirkungen noch unbekannt sind und 
untersucht werden sollten. Wir haben 
kürzlich damit begonnen, Zelllinien auf 
erhöhten TRKB-Gehalt hin zu testen und 
haben festgestellt, dass verschiedene 
Zelllinien vom Wildtyp abweichende Formen 
exprimieren. Wir sind momentan dabei, diese 
Formen zu charakterisieren und zu testen, ob 
sie erhöhte krebs- und metastasenfördernde 
Eigenschaften besitzen. Des weiteren 
beschreiben wir in dieser Arbeit ein von 
uns entwickeltes Zellsystem, basierend auf 
RK3E- und RIE-1 Zellen, welche beide sehr 
Anoikis-sensitiv sind und durch onkogene 
Transformation eine EMT durchlaufen, 
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‘Meine Absicht ist nicht, zu beweisen, dass ich bisher recht 
gehabt habe, sondern: herauszufinden, ob. Ich sage: lasst alle 
Hoffnung fahren, ihr, die ihr in die Beobachtung eintretet. 
Vielleicht sind es Dünste, vielleicht sind es Flecken, aber bevor 
wir Flecken annehmen, welche uns gelegen kämen, wollen wir 
lieber annehmen, dass es Fischschwänze sind. Ja, wir werden 
alles, alles noch einmal in Frage stellen. Und wir werden 
nicht mit Siebenmeilenstiefeln vorwärtsgehen, sondern im 
Schneckentempo. Und was wir heute finden, werden wir 
morgen von der Tafel streichen und erst wieder anschreiben, 
wenn wir es noch einmal gefunden haben. Und was wir zu 
finden wünschen, das werden wir, gefunden, mit besonderem 
Misstrauen ansehen. Also werden wir an die Beobachtung 
der Sonne herangehen mit dem unerbittlichen Enschluss, den 
S t i l l s t a n d der Erde nachzuweisen! Und erst wenn wir 
gescheitert sind, vollständig und hoffnungslos geschlagen und 
unsere Wunden leckend, in traurigster Verfassung, werden 
wir zu fragen anfangen, ob wir nicht doch recht gehabt haben 
und die Erde sich dreht! (...) Sollte uns aber dann jede andere 
Annahme als diese unter den Händen zerronnen sein, dann 
keine Gnade mehr mit denen, die nicht geforscht haben und 
doch reden.’

From “Leben des Galilei” by Bertolt Brecht, Suhrkamp Verlag, 
Frankfurt a.M., Germany, 1963.

Galileo Galilei, �ber das Studium der Sonnenrotation:
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