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SuMMaRy and concludinG ReMaRKS

‘When I use a word’, Humpty Dumpty said, in rather a scornful tone, 
‘it means just what I choose it to mean – neither more nor less.’

‘The question is’, said Alice, ‘whether you can make words mean so 
many different things.’

‘The question is,’ said Humpty Dumpty, ‘which is to be master – 
that's all.’

- lewis carroll (through the looking Glass)
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The concept that localized signaling drives many, if not all, cellular processes has been widely 

accepted (Chang and Philips, 2006;Charest and Firtel, 2006;ten Klooster and Hordijk, 2007). 

At the same time, the molecular mechanisms that control the targeting and local activation as 

well as the consequent in-activation of signaling proteins have proven increasingly complex. 

This is further increased by the identification of a growing number of post-translational 

modifications including phosphorylation, acetylation, ubiquitylation and sumoylation, that all 

affect localization and activity of proteins (Moremen et al., 2012;Ahearn et al., 2012;Vucic et al., 

2011). Defining these complex regulatory mechanisms represents one of the main challenges 

for cell biological research. 

The superfamily of small GTPases comprises a large group of related proteins that have been 

studied extensively over the past 25 – 30 years (Etienne-Manneville and Hall, 2002;Ridley et 

al., 2003;Hancock, 2003). This field was sparked by work on the Ras oncogene, the prototypic 

small GTPase, but it was rapidly recognized that the subfamily of RhoGTPases also exerts many 

critical functions in cells, due to their regulation of cytoskeletal dynamics, cell adhesion and cell 

motility (Ridley et al., 1992;Ridley and Hall, 1992;Tybulewicz and Henderson, 2009). Yet, even 

after so many years of intense research, many aspects of (Rho) GTPase signaling are only partially 

described, which is one of the reasons that this remains a very prolific area of investigation. 

RhoGTPases are highly homologous, but are also well known for their discrete effects on the 

actin and microtubule cytoskeleton, and the consequent effects on integrin- and cadherin-

regulated adhesion and -migration. RhoGTPases are functional at many different sites in cells, and 

consequently provide excellent examples to study tightly coordinated, localized signaling. The 

construction of increasingly sophisticated biosensors for the microscopic imaging RhoGTPase 

activity in live cells over the past 12 years (Kraynov et al., 2000;Pertz et al., 2006;Hodgson et al., 

2008;Machacek et al., 2009), has sparked research in this area even further. 

RhoGTPases are primarily cytosolic proteins, due to their association to a chaperone, the 

RhoGDI protein (Boulter et al., 2010;Garcia-Mata et al., 2011). Activation of RhoGTPases is 

accompanied by dissocation from the GDI which unmasks membrane-anchoring sequences 

as well as a lipid anchor. Thus, active RhoGTPases are associated to (internal) membranes 

(Wennerberg et al., 2005;Rossman et al., 2005). However, cells have membranes at many places 

and specific targeting to membranes or membrane subdomains must therefore be regulated 

by additional, refined mechanisms (ten Klooster and Hordijk, 2007). These include in part the 

differential association to membrane sub-domains mediated by some but not all lipid anchors 

that are post-translationally attached to RhoGTPases. This is reminiscent of studies on the 

various forms of the Ras GTPases, where for example H-Ras was found to localize to a distinct 

membrane compartment as compared to N-Ras, as a result of differences in the attached lipid 

anchor (Hancock, 2003;Bivona and Philips, 2003). Analogously, the RhoGTPase RhoB is modified 

by different lipids (i.e. geranylgeranyl or farnesyl) which correlates with different downstream 

effects towards cell division or apoptosis (Sebti and Hamilton, 2000;Du et al., 1999). Finally, 

a recent study showed that also the RhoGTPase Rac1 can be modified by different lipids (i.e. 

isoprenyl and palmitoyl) at distinct cysteine residues, leading to regulation of Rac1 function 

(Navarro-Lerida et al., 2012). 

In addition, GTPase targeting is regulated by several other means including the association 

to regulatory proteins. The best known are the GTPase-activating guanine nucleotide exchange 
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factors (GEFs) and GTPase-activating proteins (GAPs) that are themselves associated to 

membrane domains and control local activation of their respective target GTPases (Bos et al., 

2007). In addition, there is increasing evidence, obtained by us and others, that additional protein 

interactions, occurring with the hypervariable region in the C-terminus of RhoGTPases, plays a role 

in local signaling. This aspect has been most extensively studied for Rac1 and the current literature 

in that area is reviewed in chapter 2. A growing group of Rac1-binding proteins is described, some 

of which are clear Rac1-targeting proteins, such as the GEF β-PIX. However, other Rac1 binding 

proteins appear to follow activated Rac1 and are recruited to specific subcellullar locations, such 

as cell-cell contacts, membrane ruffles or Focal Adhesions. Several of these proteins represent 

adapter proteins that to bind membranes (e.g. Caveolin1; PACSIN2) or to the actin cytoskeleton 

(i.e. CD2AP). In addition, Rac1 associates to protein and lipid kinases as well as to an ubiquitin E3 

ligase, Nedd4. Whereas some of these proteins are positively linked to Rac1 signaling, either by 

activating Rac1 or promoting its downstream effects, several of these Rac1 interactors stimulate 

the inactivation of Rac1, be it by internalization of Rac1 (i.e., PACSIN2) or by stimulating Rac1 poly-

ubiquitylation and degradation (i.e. Caveolin1). Thus it appears activated Rac1 recruits its own 

negative regulators, representing a clear example of a negative feed-back loop. 

One of these Rac1 interactors that bind its hypervariable C-terminus is the abundantly 

expressed nuclear protein SET/I2PP2A (ten Klooster et al., 2007). SET is a multi-functional 

protein, regulating transcription, oncogenicity as well as cell migration and acts in the nucleus 

as well as in the cytosol (Adachi et al., 1994;Li et al., 1996;Canela et al., 2003;Telese et al., 

2005;Madeira et al., 2005;Switzer et al., 2011;Leopoldino et al., 2011;Trotta et al., 2011;Kim et al., 

2012). With regard to this latter notion, our group has previously suggested that Rac1 activity 

recruits SET from the nucleus towards the cytosol and to the plasma membrane. This is one of 

the main aspects of this interaction that has been addressed in more detail in this thesis. 

Whereas previous studies were done using fixed cells, we started by investing in the 

development of an image analysis method to chart the nucleo-cytoplasmic traffic of the SET 

protein. This method is described in chapter 3 (Lam et al., 2012). Using expression of FP-tagged 

SET, we show that one can readily visualize nucleo-cytoplasmic shuttling of the SET protein 

and that this occurs in bursts, rather than in an all-or-non fashion. Importantly, these events 

were observed in unstimulated cells in low-density cultures and appeared to occur in a random 

fashion. We developed a protocol to quantify this behavior by counting the number of exit 

events in a predefined time period of live-cell confocal imaging. The new method was used to 

confirm data from previous studies, which showed that a phospho-mimetic mutation in SET at 

position 9 promoted nuclear exit (ten Klooster et al., 2007). This also provided the validation 

of the new method.

We next set out to try and find a cellular stimulus that would promote nuclear exit of SET. 

Whereas co-expression of SET with a constitutively active version of Rac1 indeed stimulated 

nuclear exit of a portion of SET to the cytosol, most Rac1-activating stimuli (i.e. growth factors, 

GEF expression, etc) could not recapitulate this effect. This may be due to the local or transient 

nature of these stimuli. Because SET is a well-known inhibitor of PP2A and because recent studies 

reported activation of PP2A by fingolimod (FTY720) (Adachi and Chiba, 2008;Nagahara et al., 

2001;Matsuoka et al., 2003), we tested this compound for effects on SET and found that it 

promotes the frequency of nuclear exit events of SET. These findings are described in chapter 4. 

122



SU
M

M
A

RY
 A

N
D

 C
O

N
C

LU
D

IN
G

 R
EM

A
R

K
S

7

FTY720 is a chemotactic compound for T-cells (Honig et al., 2003;Yopp et al., 2004) and since 

SET was previously implicated by us in Rac1-dependent cell motility, we investigated this aspect 

further. We made use of a previously described SET mutant lacking a nuclear localization signal 

(Qu et al., 2007). This SET Δ-NLS protein is, as a result, primarily cytosolic, mimicking the fraction 

of SET that shows Rac1- or FTY720-stimulated nuclear exit. These studies are described in chapter 

5. The SET Δ-NLS protein shows indeed stimulation of cell adhesion and motility (lam et al., in 

press). Interestingly, this was not induced by inhibition of PP2A using okadaic acid, suggesting 

that the migration-enhancing effects of SET are mediated via a downstream component, other 

than PP2A. Which component or pathway is involved here remains to be further identified. 

Together, this series of studies have clearly increased our insight in the events that accompany 

the nuclear exit of the proto-oncogene SET. SET is ubiquitously expressed and although we 

found that nuclear exit occurs spontaneously, the identification of cellular events or stimuli that 

promote this event is paramount to understand the role of SET in cell signaling. We have invested 

a significant amount of time in the search of SET-stimulating ligands but only found the PP2A 

regulatory compound FTY720 to promote SET exit. This may be due to the fact that we limited 

our studies to epithelial cells and that in other cell types, such as leukocytes, cell surface ligands 

may more readily induce SET translocation. Our findings that in stationary cultures SET nuclear 

exit can be frequently observed shows that the cellular signals initiating this phenomenon are in 

place, although the physiologically relevant upstream triggers remain to be identified.

Similarly, SET has shown to be a complicated protein to analyze functionally. Our findings 

provide further support for a positive role in membrane dynamics, cell spreading and cell 

motility, driven by Rac1, but the mechanistic basis of the contribution of SET to cell migration 

requires further work. SET has been identified in proteomic screens aimed at Focal Adhesions 

(Vera et al., 2007;Humphries et al., 2009), but SET itself does not appear to concentrate in these 

regions. Inhibition of PP2A-regulated signaling pathways, of which there are many, is a likely 

mechanism by which SET regulates Rac1 output. However, bypassing SET by okadaic acid to 

block PP2A inhibited, rather than stimulated cell migration. The use of the SET Δ-NLS mutant in 

combination with extended proteomic analysis may prove successful in further studies defining 

the targets of SET in the cytosol or at the plasma membrane. 

In the final part of the thesis, additional work on the SET-binding domain in Rac1, the 

hypervariable C-terminus, is presented. In chapter 6, we show that mutating small portions of this 

region do not affect Rac1 targeting to Focal Adhesions, but do impair Rac1-induced cell spreading. 

Mispositioning this (unmutated) region by inserting a GFP moiety in the Rac1 protein impairs Rac1 

activation, Focal Adhesion targeting as well as downstream signaling towards membrane ruffling 

and cell spreading. This is an interesting finding that contributes to current ideas on the function 

of such hypervariable regions in small GTPases. Apparently, and in line with published data, the 

C-terminus of Rac1 acts in conjunction with the core G-domain in co-ordinating the localization 

and signaling of Rac1. This is also in agreement with published findings that show that novel Rac1 

interactors binding the hypervariable C-terminus, do show increased affinity for activated Rac1 

compared to inactive Rac1 (Modha et al., 2008;Nethe et al., 2012). The notion that this regions 

requires correct positioning with respect to the main part of the Rac1 protein is novel and shows 

that the use of such isolated C-terminal regions as targeting domains, e.g. in biosensors, should 

be done with caution, as it may induce aberrant localization of the fusion product. 

123



SU
M

M
A

RY
 A

N
D

 C
O

N
C

LU
D

IN
G

 R
EM

A
R

K
S

7

MoonliGhtinG and pRotein function
SET is a protein with many names and many functions. It has been found in diverging contexts, 

questioning the ‘actual’ function of the protein. It seems that the protein primarily acts as 

an inhibitor: inhibitor of protein phosphatase 2A, inhibitor of granzyme A activated DNAse 

nm23-H1 and inhibitor of histon acetylase (Fan et al., 2003;Beresford et al., 2001;Kim et al., 2012). 

In its other functions as template activating factor 1, nuclear assembly protein and HLA class II 

associated protein (Saito et al., 1999;Miyamoto et al., 2003) SET may also play an inhibitory role, 

but this remains to be further established. We could speculate that SET inhibits the folding of 

histones, just as NAP-1, the classical nuclear assembly protein, which is in line with a recent 

report identifying SET as a histone chaperone; whereas it is known that SET modulates linker 

histone dynamics (Kato et al., 2011).

SET is an example of a moonlighting protein (Jeffery, 2003;Jeffery, 2009). Moonlighting 

proteins are characterized by the feature that the same protein exerts several (acquired) cellular 

functions in parallel. Proteins that have multiple functions are a challenge to in silicon cell 

models with respect to ontology (the study of categories and relations). If one builds the cell as 

a modular system, moonlighting proteins have to be included in multiple modules/categories 

and therefore they can act as the connecting nodes. But the question is if it is possible to model 

the cell as a modular system. Are cellular components not all interconnected like a network 

rather than in individual signaling modules? 

The problem comes with drawing the borders between modules. There is also the question 

of function per se (Shrager, 2003). The question: ‘What is a function?’ can be answered in two 

ways: evolutionary explanation (historical function) and/or in terms of protein interactions 

(causal function). The latter approach, function as ‘contextual function’ (Eisenberg et al., 2000), 

is for example taken by Ben Geiger in his paper ‘functional atlas of the integrin adhesome’ , this 

is a description of interactions (Zaidel-Bar et al., 2007). 

This also relates to the question of understanding. At what point do we ‘understand’ the 

living cell? If we would have a mathematical model of the chemical reactions that predicts 

outcomes to a certain input, or if we could rebuild and rewire the cell like a factory to produce 

the things that are beneficial for human life? Do we understand the cell if we can prevent and 

heal diseases? What is the difference between a living cell and a non-living object? What is 

required for a ‘minimal cell’? Where do we acquire the emergent functions? Can we build a cell 

model purely on the concept of molecular information: the genetic code, histone code, sugar 

code and other post-translational modifications (Gorlich et al., 2011), or do we need mechanical 

parameters as well? To address these questions, an integrative approach is needed, including 

biochemistry, cell biology, biophysics and the upcoming field of bioimage informatics (Myers, 

2012) to get quantitative data for use in cell models. Also the question posed in the introduction 

“can a biologist fix a radio?” (Lazebnik, 2002) needs to be answered using this integrative view. 

If we cannot repair a radio using the biological approach, why would we then expect to be able 

to cure diseases that need fine-tuning of the cellular system in all its complexity? We need to 

dig further in protein networks and signaling in cellulo (in vivo), back to real cell biology using 

today’s technology. This way, we will get to know more about the information flow, the function 

of compartmentalization and the mechanics of the cell.
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Cell biology becomes more and more an engineering science. The next generation of 

biologists needs to know about chemical and physical parameters of the cell (Alberts, 1998). 

Also, integration of mathematical models and data analysis is an important step to come 

closer to an understanding of life and the smallest unit thereof. It is interesting to see the 

developments in nanotechnology, because nanoscale tools are just the right size to interact 

with the molecular machines inside the living cell (Piccolino, 2000). Understanding the cell 

requires integration of not only chemical and mechanical but also informational properties 

of biological systems (Shapiro, 2012). The complexity of cellular information flow in protein 

interaction networks and metabolites starts to be addressed by systems biology. However, the 

result of genomics, proteomics, metabolomics and other ‘-omics’ data so far is still more of a 

list of components without description of functionality in the physicochemical context of the 

cell. Cell models of the future will comprise more and more quantitative data into mathematical 

models (Aldridge et al., 2006). To acquire the data for such models, advanced microscopy 

remains the tool of choice to study these molecules and information networks in their natural 

environment, especially with the current developments in super-resolution microscopy and 

the options to extract quantitative data from microscopic images. This involves developments 

in digitalization as well as bioinformatics and computer vision for image analysis (Myers, 2012).

Microscopy and image (data) analysis are no sinecure, regarding the many papers published 

to warn researchers on the pitfalls of these techniques. Before starting an experiment, decisions 

have to be made on which objective to use, not only the magnification but also immersion type 

and numerical aperture. The light-source has to be aligned well, to give an even illumination 

over the field of view (eg. Koehler illumination). Fluorescent labels can be sensitive for fixation 

procedures and mounting agents which can quench fluorescence or increase background 

(Schnell et al., 2012). The combination of lasers, mirrors and filters has to be suited for the dyes 

which are used, especially in multiplex imaging to prevent bleed-trough. Then, at the detection 

side, there is a choice between cameras or photo-multiplier tubes, which have their advantages 

and disadvantages. When recording the images, spatial and temporal sampling becomes an issue 

(Nyquist-Shannon sampling frequency), as well as bit depth and the dynamic range of the detector. 

Researchers also have to prevent the introduction of bias by selecting the cells which are recorded 

and which ones are not. After the images have been recorded, the post-processing starts and 

decisions have to be made on which improvements are acceptable and which are not. File formats 

can influence image quality when using compression algorithms (eg. JPEG) as well as (local) 

software image filters (North, 2006;Cromey, 2010;Waters, 2009;Frigault et al., 2009). And when 

using software to extract quantitative data by image analysis, there are still other issues (Schindelin 

et al., 2012;Schneider et al., 2012). Other papers contribute to stimulate good laboratory practice 

and prevent scientific misconduct with regards to (digital) imaging, statistics, sample preparation 

and specific techniques as Raman, FRET, PALM and intravital microscopy (Pietraszewska-Bogiel 

and Gadella, 2011;Schnell et al., 2012;Haugh, 2012;Hughes and Gavins, 2010).

These studies on the practical limits of microscopy are touching on the questions of 

epistemology and the scientific method itself as well. How do we know what we know? Can we 

make objective statements about truth and reality, or do we always have to keep in mind the 

methodology of derivation to be able to say something about the confidence limits of the data? 
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Is mechanical objectivity the solution? Does objectivity exist at all, or is scientific knowledge a 

construction we make ourselves? According to Martin A. Schwartz we just have to be ‘stupid’ 

and ‘lucky’ in asking questions and persisting (Schwartz, 2008). If we dare to challenge the 

daunting amount of interdisciplinary knowledge required to become and train experts in single-

cell imaging, not being bothered by feeling stupid, it will be rewarding as part of the progression 

towards better understanding of how cells make up life and contribute to health and disease. 

We might even be able to use this knowledge and imaging techniques to manipulate biological 

systems at the nanoscale. For, in the end, imaging is everything (Maxmen, 2011).
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