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SUMMARIZING DISCUSSION

After the initial identification the Ras oncogene around the end of the 20th century, 
many homologous proteins were identified1. They represent a family of small guanosine 
triphosphatases (GTPases) that all act as binary signaling switches, cycling from an active 
GTP-bound form to an inactive GDP-bound  form. From then, research into the functional 
diversification of  the different members flourished rapidly and as a consequence our 
understanding of their mechanisms of action and regulation expanded. That this area of 
research led to many interesting discoveries comes as no surprise if one realizes that 
the Ras superfamily currently comprises over 150 family members, divided over multiple 
subfamilies. Besides the GTPases many additional proteins were identified that act as 
regulators of these proteins as guanine nucleotide exchange factors (GEFs), GTPase-
activating proteins (GAPs) and guanine nucleotide dissociation inhibitors (GDIs). The 
identification of numerous downstream effector proteins further complements the 
abundance of the area of research into the fundamental understanding of the importance 
of small GTPases. Stimulation of cell surface receptors leads to the activation of specific 
small GTPases which in turn activate diverging signal transduction routes resulting in a 
great diversity of cellular outcomes ranging from gene transcription, vesicle trafficking and 
cytoskeleton reorganization, processes which affect growth, differentiation, adhesion, 
and migration of cells. As a result of the wide range of biological activities involving 
GTPase signaling, aberrant regulation of their activity contributes to the development 
and progression of several pathologic conditions, including tumorigenesis.

In the studies described in this thesis the main focus was on the role of two proteins of the 
Rho subfamily of small GTPases (Rac1 and Rac3) and a Rac-specific GEF, Tiam1 (for T 
lymphoma invasion and metastasis), in different modes of polarity and cancer. 

In chapter two the function and 
regulation of the family of Rho GTPases 
is introduced. At the time this manuscript 
was prepared, 23 Rho GTPases were 
identified that were divided into 6 groups. 
Currently the assignment of Miro proteins 
to the Rho family of GTPases is disputed, 
since they are also regarded to present 
a distinct family of the Ras superfamily, 
equally homologous to the Rab and Rho 
families2. In addition, the evidence for 
involvement of the Rho GTPase proteins 
in different aspects of carcinogenesis is 
summarized in this chapter.  

 Mutations in the different isoforms 
of the Ras oncogene are detected in 
over 30% of all human cancers, and 
K-Ras mutations are even found in 
90% of all pancreatic tumors3-5. In 
contrast, mutations in Rho GTPases 
are rarely found. Interestingly, recently a 
recurrent gain-of-function point mutation 
in melanoma was identified in the Rac1 
protein, Rac1P29S 6. However, in contrast 
to oncogenic Ras mutations which mostly 
result in elimination of GTPase activity 
(disabling the proteins to return to their 
inactive GDP-bound state), this specific 
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mutation in Rac1 preserves the capacity 
of the protein to hydrolyse GTP and 
cycle between the active GTP-bound 
state and the inactive GDP-bound state. 
Interestingly, as described in chapter two, 
deregulation of signaling downstream of 
Rho GTPases seems to occur mostly via 
alteration of their expression levels or via 
their regulators (GEFs, GAPs and GDIs). 
 Since cancer is a multistep disease, 
which involves processes such as 
growth but also cytoskeletal remodeling 

and migration to facilitate metastasis, 
it is not surprising that aberrant Rho 
GTPase signaling contributes to the 
different steps of cancer development 
and progression. Therefore, elucidation 
of the mechanisms by which perturbed 
regulation of Rho GTPase proteins 
contribute to tumorigenesis will provide 
valuable information for the development 
of new therapeutic targets to interfere in 
the pathological process. 

Polarity is defined as cellular asymmetry, 
either in cell shape and/or distribution 
of proteins and functions, and  is crucial 
for both embryonic development and 
maintenance of tissue integrity. Protein 
complexes consisting of conserved 
proteins regulate different modes of 
polarity, including asymmetric cell division, 
T cell polarity, neuronal axon specification, 
front-rear polarity during migration of 
cells and epithelial apical-basal cell 
polarity7. Loss of the latter mode of 
polarity in particular has been implicated 
in tumor development and progression 
and is considered both a hallmark and a 
prerequisite of cancer. 
 In chapter three I discuss the 
evidence that is accumulating from 
studies using model organisms as well 
as data obtained from investigation of 
human tumor tissue, which confirms the 
implication of polarity proteins in different 
phases of cancer development. There 
are several clear links between proteins 
regulating polarity and (regulators of) 
GTPase signaling7. Polarity proteins 
form integrate protein complexes with 
intercommunicate in order to regulate 
different modes of polarity. One of these 
protein complexes is the Par polarity 

complex consisting of Par3, Par6 
and aPKCzeta. Tiam1 provides a link 
between GTPase signaling and different 
polarization processes by interacting with 
Par38,9. Furthermore, both Par3 and 
Par6 have been linked to Tiam1-mediated 
Rac activation in neuronal cells10. Rac 
on the other hand, has been shown to 
activate aPKCzeta via binding to Par611. 
In addition to the evidence for a role of 
polarity proteins in several aspects of 
tumorigenesis as summarized in chapter 
three, three recent studies confirm a role 
for Par3 in tumor development. Par3 was 
shown to serve both tumor suppressive 
and tumor-promoting functions, in 
skin cancer12. Furthermore, in breast 
cancer Par3 was shown to suppress 
tumorigenesis and metastasis13,14. 
Mutations in Tiam1 were recently identified 
in whole-sequence genome analysis of 
late-stage neuroblastoma15. Interestingly, 
alterations were found in six GEFs for 
Rac and 5 GAPs for Rho, implicating an 
important function of GTPase signaling 
in the progression of neuroblastoma. 
Therefore, investigating the function of 
Tiam1/Rac signaling and interactions with 
signaling pathways controlling polarity 
will help to reveal the mechanisms of 
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aberrant signaling contributing to cancer, 
which ultimately will contribute to cancer 
diagnosis and treatment.

Minor differences in protein sequence result in opposing functions 
of Rac1 and Rac3

As described in chapter four, 
RhoGTPases Rac1 and Rac3 (which 
can both be activated by Tiam1) are 
highly homologous but serve different 
functions in neuronal cells. Although 
sharing 92% sequence homology, we 
observed significantly different cellular 
outcomes of the activation of either 
protein. Other groups studying Rac1 and 
Rac3 reported the absence of functional 
differences16-19. However, these studies 
relied on overexpression of active or 
dominant negative mutants, which disable 
spatiotemporal regulation of the GTPases, 
crucial for the outcome of signaling via 
effector proteins which may be the same. 
In our study we made use of wild-type 
Rac1 and Rac3 constructs which can 
be activated by endogenous GEFs. 
We investigated functional differences 
between Rac1 and Rac3 by altering 
the expression of either protein using 
overexpression as well as downregulation 
in neuronal cells. Enhanced expression 
of Rac1 resulted in cell spreading and 
outgrowth of protrusions, in contrast to 
exogenous Rac3 which caused rounding 
of cells and attenuated adherence. 
Whereas Rac1 suppression using siRNA 
lead to rounding of cells and severe loss 
of cell-matrix adhesion, downregulation of 
Rac3 resulted in differentiation displayed 
by formation of neurite-like protrusion in 
neuroblastoma cells. 
 The minor differences in their protein 
sequence are not located in the effector 
loop where effector proteins bind, indicating 
that Rac1 and Rac3 can establish protein-

protein interactions with the same set of 
effector proteins. The carboxyl terminus of 
the protein sequences on the other hand 
exhibit minor differences, suggesting that 
this region may be responsible for the 
functional differences observed between 
the two GTPases. Indeed, we identified 
the polybasic region as the region 
responsible for the differential outcome 
of activation of Rac1 and Rac3. Upon 
switching of the distinctive C-terminal 
amino acids located directly in front of 
the CAAX sequence at the end, we were 
able to convert the phenotypic responses 
upon overexpression of the proteins. 
Interestingly, we observed that the fully 
opposing phenotypes were dependent on 
only three variable amino acids.
 Not only functional differences 
were caused by the three different amino 
acids in the  polybasic region, also 
the localization of Rac1 and Rac3 within 
neuronal cells was found to depend on 
this region. Whereas Rac1 is localized 
mainly to the plasma membrane and 
cell protrusions of neuronal cells, Rac3 
resides mainly the perinuclear region in 
the cytoplasm. Also this localization could 
be reverted by exchanging the three 
distinctive amino acids. Another triplet 
of amino acids that differs between the 
two proteins is located within the CAAX 
sequence, but switching of this region 
did not result in phenotypic or localization 
changes. 
 Whereas Rac1 is ubiquitously 
expressed, Rac3 expression is mainly 
restricted to the brain17,20. From our 
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studies in neuronal cells, in which we 
observed that Rac3 expression is almost 
absent in differentiated cells and neurites 
are formed upon depletion of Rac3, 
we conclude that Rac3 may serve a 
function in suppressing differentiation 
and neuritogenesis by attenuating proper 
formation of cell-matrix adhesions. Since 
the polybasic region has been suggested 
to represent an additional binding site 
for effectors and GEFs21-23, follow-
up studies were performed in our lab to 
investigate whether binding to different 
downstream effectors may explain the 
differential outcome in neuronal cells. 
GIT was identified as an effector protein 
that interacts with both Rac1 and Rac3 
but in different manners24. Whereas 
interaction of GIT1 with (mostly GDP-
bound) Rac1 depends on beta-Pix binding 
to the polybasic region (which differs from 
Rac3), Rac3-GTP interacts with GIT1 
independent of beta-Pix. Rac3 mediated 
cell rounding and precluded differentiation 
was found to result from perturbed GIT1-

paxillin interaction and subsequent 
distribution of paxillin as well as GIT1-
mediated reduction of Arf6 activity. 
 Rac3 null mice have been 
generated and were viable without 
obvious developmental defects25,26. 
However, these mice showed enhanced 
motor coordination and motor learning. In 
contrast to the opposing functions that we 
observed, more recently Rac1 and Rac3 
were both shown to be required during 
interneuron development, where they are 
suggested to act synergistically to regulate 
migration and differentiation of these 
cells27. Synergistic action of the two close 
homologues was recently also observed 
in the development of the inner ear, where 
they were found to contribute to processes 
regulating epithelial polarization, growth 
and survival28. The results from our 
studies and these of other groups stress 
that the cellular outcomes of activation 
of Rho GTPases are highly context and 
tissue specific and strictly regulated in 
both spatial and temporal manners.

Tiam1 and the Par complex regulate directional migration of 
keratinocytes

Chapter five describes the molecular 
mechanisms by which Tiam1 functions in 
migration of keratinocytes when apical-
basal polarity is lost in these epithelial 
cells. Epithelial cells normally form 
tight layers of cells, with defined apical 
and basal sites separating luminal and 
extracellular spaces from underlying 
tissue. The cell-cell contacts between 
epithelial cells, mediated by tight junctions, 
serve a dual function, as they prevent the 
random distribution of proteins over the 
membrane thereby creating a functional 
division of the plasma membrane into 
apical and basolateral domains and they 
regulate paracellular transport. Most 

tumors arise from epithelial tissue. During 
tumorigenesis cell migration contributes 
to the metastatic process. Cells may 
detach from the primary tumor, invade the 
surrounding tissue, intravasate into the 
blood circulation and after extravasation 
migration precedes proliferation at 
secondary sites29. Different modes of 
migration have been identified, depending 
on multiple structural and molecular 
determinants defined by both the cellular 
context and extracellular cues30. 
Previously, our lab has shown that Tiam1-
Rac signaling in conjunction with the Par 
complex, is required for maturation of 
tight junctions and membrane sealing8. 
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Furthermore, we have shown that Tiam1 is 
implicated in migration of keratinocytes31.
 Chapter five describes the study 
in which we investigated the potential 
partnership of Tiam1 and the Par complex 
during polarized migration of keratinocytes. 
Non-contacting keratinocytes migrate in 
a directional fashion, with a defined front 
and rear. We found that absence of Tiam1 
expression hampers this directionality 
and induces random migration of 
keratinocytes. In addition, chemotactic 
migration was attenuated in Tiam1 
knockout (Tiam1 KO) cells compared to 
wild-type control cells. Similarly, when 
cells were depleted of Par3 using siRNA 
we observed impaired directionality of 
migration as well as impaired chemotaxis. 
As we have shown in contacting cells, also 
in single non-contacting keratinocytes 
Tiam1 was found to associate with Par3 
and aPKCzeta (members of the Par 
polarity complex). Interestingly, Par3 
depletion or pharmacological inhibition 
of aPKCzeta did not result in additional 
effects in cell lacking Tiam1 expression. 
Therefore we concluded that Tiam1/
Rac signals in conjunction with the Par 

complex not only in apical-basal polarity 
(to stimulate tight junction maturation), 
but also in front-rear polarity of migrating 
keratinocytes (to stimulate persistent and 
chemotactic migration). 
 Morphological differences between 
stably polarized migrating wild-type 
keratinocytes and Tiam1 KO cells 
which displayed short-lived front-rear 
polarity, suggested a role for Tiam1/Par 
in microtubule stabilization. We found 
Tiam1, Par3 and aPKCzeta localized 
at the leading edge of migrating cells. 
Recently, the group of Kaibuchi showed 
that this localization may represent 
specific adhesion structures in the front 
of migrating cells, which are dependent 
on talin32. They suggest an signaling 
cascade where integrin signaling via 
talin is propagated via direct binding to 
Tiam1 which in conjunction with the Par 
complex contributes to spreading and 
turnover of adhesions of migrating cells. 
It will be interesting to investigate whether 
this signaling cascade is linked to the 
observed effects induced by Tiam1/Par 
gnaling in our keratinocyte model.

Tiam1 mediates several, but not all, aspects of astrocyte 
polarization 

Chapter six describes the function 
of Tiam1 in another polarity setting, 
namely the polarization of astrocytes. 
Astrocytes are supporting cells of the 
nervous system, belonging to the glial 
cells, Besides a function in nutrient supply 
they also support neuronal outgrowth 
during development and during damage 
repair33. Here we show that Tiam1 is 
required for several steps involved in 
the polarized outgrowth of astrocytes in 
response to wounding but dispensable for 
some step in the polarization process.  

  Astrocytes provide an excellent 
model to study polarization since induction 
of polarization by wounding of monolayers 
is accompanied by major morphological 
changes, including changes of the 
cytoskeleton and localization of specific 
cellular components, including the Golgi 
apparatus and the microtubule organizing 
center (MTOC). We made use of primary 
astrocytes derived from wild-type mice 
and mice lacking Tiam1 (Tiam1 KO). In 
addition we studied the role of Tiam1 in 
fibroblast derived from mouse embryos 
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(MEFs). When we induced a wound in 
confluent monolayers of cells, we observed 
the typical phenotypic changes including 
the formation of length protrusions in the 
direction of the wound in wild-type cells, 
whereas cells lacking Tiam1 expression 
failed to form these long protrusions. In 
addition, in wild-type cells the microtubule 
cytoskeleton was aligned in the direction 
of the formed protrusion, with parallel 
bundles of microtubules reaching the tip of 
the protrusion. In Tiam1 KO cells however, 
the cytoskeleton was less organized and 
the microtubules that filled the shorter and 
wider protrusions were not nicely aligned. 
Furthermore, we showed that Tiam1 is 
dispensable for another important aspect 
of astrocyte polarization, the reorientation 
of the Golgi apparatus and MTOC. In 
both wild-type and Tiam1 KO cells Golgi 
and MTOC of wound-edge cells were 
oriented towards the wound area, located 
in front of the nucleus. Interestingly, this 
process has been shown to be regulated 
by Par6/aPKCzeta34-36. Together with 
our observation that Tiam1/Rac does 
not activate aPKCzeta in this process (in 
contrast to the process of tight junction 
maturation in keratinocytes8) indicates 
that in this polarization process Tiam1 
does not signal in conjunction with the 
Par complex, but rather signals in a 
parallel pathway to regulate microtubule 
organization. 
 An intriguing question that remains 
to be answered is the exact mechanism 
underlying Tiam1’s importance in 
microtubule organization during astrocytes 
polarization. Involvement of Tiam1 in 
polarization processes has already been 
described in a number of other cellular 
systems, including, epithelial and T 
cells37. The polarization machineries used 
in the different cellular contexts all include 
the Par complex proteins and Tiam1. Our 
observation of the perturbed morphology 

of the microtubule cytoskeleton in 
astrocytes, together with our study on 
the investigation of the role of Tiam1 in 
keratinocyte polarization (described in 
chapter five) suggest that Tiam1 may 
influence the microtubule organization 
by stabilization of the microtubules, in a 
pathway parallel to the Par complex. A 
recent study supports this idea, in which 
was shown that Tiam1 can interact with 
a domain in the protein microtubule-
associated protein 1B (MAP1B)38. This 
protein is known for its involvement in 
microtubule stabilization in neuronal 
cells. Interestingly, we observed some 
morphological aberrations in our Tiam1 
KO cells that are similar to those observed 
in CLASP2 KO cells39. Active Rac has 
been shown to promote microtubule 
growth into lamellipodia via modulation 
of CLASP2, which binds to the plus-end 
of microtubules in the leading edge40,41. 
CLASP2 was shown to attach microtubule 
plus ends to the cell cortex and regulate 
microtubule stabilization and persistent 
migration39,42. Alternatively, Tiam1 may 
also be required for microtubule guidance. 
This suggestion is supported by a recent 
study on a close homologue of Tiam1, 
STEF (for Sif- and Tiam1-like exchange 
factor)43. In this study STEF was shown 
to regulate focal adhesion assembly 
as well as microtubule-dependent Rac 
activation. STEF-mediated Rac activity 
was required for microtubule targeting 
to focal adhesions. During astrocyte 
protrusion formation Tiam1/Rac signaling 
may mediate microtubule growth towards 
specific sites in the cell, which may explain 
the disturbed cytoskeletal organization 
observed in Tiam1 KO cells. 
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Overall, the studies presented in this 
thesis stress the highly context dependent 
outcome of signaling via Tiam1/Rac and 
polarity proteins and their involvement in 

a wide variety of cellular processes that all 
require strict regulation in order to prevent 
adverse effects that may contribute to 
cancer development and progression.
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