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GeneRal intRoduction  
and Scope of thiS theSiS

Humpty Dumpty, Set on a wall,
Humpty Dumpty had a great fall;

All the King's horses and all the King's men,
Couldn't Set Humpty Dumpty up again.

-  Walter crane (Mother Goose's nursery Rhymes, 1877)
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“Can a biologist fix a radio?” was a question that Lazebnik asked when he was studying apoptosis 

(Lazebnik, 2002). The reductionist approach of cell biology is: taking cells apart, study the 

components and their individual interactions, and then putting everything back again. But are 

we able to fix the cell in this way if something is broken? 

Since the Human Genome Project was finished, most of the parts that constitute a cell are 

known. Firstly the DNA sequences that were derived directly from the results of the project and 

secondly the proteins that arise from the translation of the coding regions. Prediction of open 

reading frames results in approximately 21,000 protein-coding genes, which is far less then 

originally predicted, but there is still no agreement on the exact number of genes due to the 

large number and size of these open reading frames. Many of these genes code for multiple 

protein products and thus there is also no final consensus yet on what defines a ‘gene’ (Baetu, 

2012). Even less is known about protein interactions in space and time in highly concentrated 

(100mg/ml protein and total 400mg/ml macromolecule), crowded, environments such as 

the cytoplasm and the various compartments within a living cell (Gierasch and Gershenson, 

2009;Kuhn et al., 2011).

All of live consists of cells, everything smaller than a cell is not alive and cells are only 

produced from other cells. This is the cell theory, first posed in the 19th century by Theodor 

Schwann, Matthias Schleiden, and Rudolph Virchow, thereby generating public attention for 

a finding by Robert Remak (Mazzarello, 1999). The first place to start investigating the smaller 

components that constitute live in an integrated context is therefore the living cell.

In the development of the cell theory, microscopy has played an important role. In 1665 

Robert Hooke, using very primitive microscopes, discovered ‘cells’ in cork (Micrographia), and 

in 1676 Antoni van Leeuwenhoek, who made much better microscopes, described ‘animalcules’ 

(little animals) in various preparations, including the bacteria that make up the biofilm of 

dental plaque. Also Jan Swammerdam has contributed importantly to early microscopy with his 

observation of red blood cells in 1658. 

According to Bruce Alberts (known for his work in science public policy and as an original 

author of Molecular Biology of the Cell), we have underestimated the complexity of cells. He 

states that a new generation of cell biologists should approach the cell as being a collection of 

protein machines, not as a collection of individual proteins. This requires an engineering point-

of-view which is more quantitative than is common in most of cell biology (Alberts, 1998). “We 

need to focus more on how information is managed in living systems and how this brings about 

higher-level biological phenomena”, writes Paul Nurse in ‘Life, logic and information” (Nurse, 

2008). Complexity results in emergence, system properties that are not obviously inherent 

from the individual components. Cell migration is one of those emergent phenomena to study.

As it was in the past, microscopy is still the tool of choice for detailed analysis of cellular 

components and cellular behavior. Developments in single-cell analysis have produced 

better imaging probes to visualize individual proteins and advanced microscopy, including 

super-resolution techniques to study single molecule dynamics in living cells (Maxmen, 

2011). Furthermore, microscopy is likely to become the ‘vital cornerstone’ of systems biology, 

facilitating the attempt to study complex and dynamic cellular systems at high resolution, 

both in space and time. Image analysis is thereby providing the information from which multi-

parametric quantitative data can be extracted for use in cell models (Lock and Stromblad, 2010).

11



G
EN

ER
A

L IN
TR

O
D

U
C

TIO
N

 A
N

D
 SC

O
PE O

F TH
IS TH

ESIS

1
cell MiGRation and the Rho GtpaSeS
Cell migration is a widely used mechanism in cell biology, essential for processes such as embryonal 

development, wound healing and the immune response. Cells migrate by making protrusions at 

the leading edge of the cell and contractions at the rear of the cell (Ridley et al., 2003). This is a 

result of an integration of internal and external signals which activate complex signal transduction 

cascades. These give rise to highly dynamic and localized remodeling of the actin and microtubule 

cytoskeleton, cell-cell and cell-substrate interactions. Understanding these processes requires a 

multidisciplinary approach combining biochemical, biophysical and mathematical modeling of 

signaling networks and filaments to whole cells (Carlsson and Sept, 2008). 

Classically, the ‘main switches’ of cell migration are the small GTPases of the Rho family. These 

were originally identified as such in two ‘landmark’ papers by Anne Ridley and Alan Hall in Cell 

(Ridley et al., 1992;Ridley and Hall, 1992), showing that Rac1 and Rho regulate different aspects 

and structures within the actin cytoskeleton. RhoGTPases act as ‘switches’, cycling between 

an ‘off’ ( i.e. GDP-bound) and an ‘on’ (i.e. GTP-bound) state. The intrinsic GTPase activity for 

most small GTPases is very low, allowing the protein to maintain one of the binary states over 

longer periods of time. The switch from the off – to – on state and vice versa is controlled by 

GEFs and GAPs (Bos et al., 2007). GEFs exchange the bound GDP for a GTP, inducing a rather 

large conformational change, which turns the GTPase switch to ‘on’. GAPs lower the activation 

energy for GTPase activity, thereby promoting GTP hydrolysis, turning the molecular switch 

back to the ‘off’ state. In the GTP-bound (active) state, the GTPase is able to relay extracellular 

signals to downstream effectors, depending on its own sub-cellular localization as well as 

that of the interaction partners, which are in turn regulated at multiple levels by localization, 

phosphorylation, etc. (Symons and Settleman, 2000). 

The initial hypothesis regarding the role of Rac1 and RhoA in cell motility has been that Rac1 

predominantly acts at the migrating front of the cell and RhoA at the contracting rear (Ridley et 

al., 2003). However, recent research has uncovered a more subtle interplay between Rho and 

Rac1, for instance in the formation of membrane ruffles in the leading edge of cells. For example, 

an unexpected RhoA activity was also detected in the leading edge of cells, contrasting the 

prevailing dogma (Pertz et al., 2006). Thus, these studies have provided a more complicated 

picture of Rho GTPase signaling (Pertz et al., 2006;Hodgson et al., 2008;Machacek et al., 2009). 

For a more extensive overview of the regulation of Rac1 signaling, including an overview of the 

specific role for its hypervariable C-terminus, see Chapter 2 of this thesis.

Set/i2pp2a
As detailed further in Chapter 2, the Rac1 hypervariable region has been found over the past 

10-15 years to associate to a growing number of proteins and protein complexes, that are all in 

different ways relevant for activation, signaling as well as inactivation and degradation of Rac1 

(van Hennik et al., 2003;Klooster et al., 2006;ten Klooster et al., 2007;Nethe et al., 2010;van 

Duijn et al., 2010;de Kreuk et al., 2011;Nethe et al., 2012;Saci et al., 2011;Modha et al., 2008). One 

of these interaction partners of Rac1 that was found in our laboratory is the proto-oncogene 

SET(ten Klooster et al., 2007). SET was first discovered in acute undifferentiated leukemia (AUL) 
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as a fusion protein with the nucleoporin CAN (Nup214) (von Lindern et al., 1992). The group 

which found this chromosomal translocation first identified the protein tyrosine kinase ABL 

as a fusion to CAN. Subsequently, this ‘new’ gene was called after the brother of ‘Abel’ in the 

Bible, which is ‘Seth’ (von Lindern et al., 1992). The SET-CAN fusion protein disorganizes nuclear 

export by mislocalizing the exporter hCRM1 (Saito et al., 2004) and this probably inhibits 

proliferation and differentiation of human promonocytic U937T cells (Kandilci et al., 2004).

Next to ‘protein SET’, the protein is also known as TAF-1, template activating factor in 

adenovirus replication (Nagata et al., 1995), INHAT, inhibitor of acetyl transferase (Beresford 

et al., 2001), IGAAD, inhibitor of granzyme A activated DNAse (Fan et al., 2003) and I2PP2A, 

because it is a potent inhibitor of phosphatase 2A (Li et al., 1995;Li et al., 1996). Furthermore, 

SET regulates p53 acetylation (Kim et al., 2012) and it was suggested that it regulates the Akt/

PTEN pathway which plays an important role in embryonal development and cell migration 

(Leopoldino et al., 2012). However, as SET is such a multifunctional protein, it is hard to judge 

how overexpression or knockdown of the protein will influence different intracellular pathways 

simultaneously, bypassing or obscuring physiological signaling. Yet, as shown by us and others, 

SET is a highly dynamic protein that can translocate from the nucleus to the cytosol and vice 

versa. In line with this, SET appears to exert relevant functions on many pathways in both the 

nucleus (e.g. transcriptional regulation) as well as the cytosol (e.g. inhibition of PP2A). 

Protein phosphatase 2A (PP2A) is a major serine/threonine phosphatase, composed of three 

subunits (Perrotti and Neviani, 2008). It is a ubiquitous protein, amongst others involved in 

dephosphorylation of G-protein coupled chemokine receptors, inactivation of Akt, regulation 

of Rac activity and modulates EGF-receptor signaling (Basu, 2011). Phosphatases have initially 

been overlooked in (cancer) cell signaling, but they play an important role in controlling both 

the amplitude and duration of MAP-kinase signaling (Hornberg et al., 2005). Furthermore, it 

has become clear recently that phosphatases also are part complex signaling cascades in which 

successive phosphatases regulate each other (Jailkhani et al., 2011).

nucleo-cytoplaSMatic ShuttlinG
The nuclear pore complex (NPC) is a macromolecular complex with a diameter of 120 nm. 

The pore itself has a functional diameter of 50 nm, spanning the nuclear membrane with a 

depth of 90 nm. It is constructed from 30 different proteins, including the natively unfolded 

FG (phenylalanine – glycine)-repeat proteins that form the permeability barrier, in which the 

phenylalanine is acting as a molecular ‘peddle’ and the glycine facilitates flexible movement. 

The NPC is a highly dynamic, crowded environment. The complex is constantly loaded with 

cargo while providing selectivity for cargo based on unfolded proteins. Moreover, multiple 

nucleoporins have been found to have additional functions, for instance as transcription 

factors (Grunwald and Singer, 2012).

Current knowledge suggests that changes in the nuclear envelope environment can 

propagate alterations in cell signaling, as well as control transcription, cell migration and polarity, 

genome stability and cell division. Recent findings support the view that the nuclear envelope is 

a site where many aspects of cell function are coordinated. Nuclear envelope components have 

13
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vital roles in this environment as well as — through dynamic spatial and temporal regulation 

—other sites in the cell. For example the LINC-complex links the cytoskeleton to the nucleus; 

overexpression of lamin A results in down-regulation of E-cadherin and ERK-phosphorylation 

regulates Nup214 decreasing its interaction with importin-β (Chow et al., 2012). There is 

increasing evidence that many types of cytoskeletal proteins are not only present in the 

cytoplasm, but also localize to the nucleus, suggestive for their direct involvement in the 

transmission of nuclear signaling and the regulation of nuclear functions (Kumeta et al., 2012). 

Also focal adhesion proteins such as zyxin, paxillin and the tyrosine kinase Abl are found in the 

nucleus where they contribute to the regulation of gene expression (Hervy et al., 2006). SET 

was originally found as a fusion protein to CAN (Nup214), a nuclear porin, but it is unknown if 

SET is involved in regulation of the nuclear pore complex.

MicRoScopy and iMaGe analySiS
The main tool used for the research described in this thesis is confocal laser scanning microscopy. 

With this technique, a sample is scanned pixel by pixel using a laser beam steered by galvanic 

mirrors. Emission fluorescence light is passed along a dichroic mirror and an emission filter 

onto a photomultiplier tube located behind a pinhole. The pinhole blocks all the out-of-focus 

light from hitting the detector, enabling optical slicing of the specimen. To extract quantitative 

data from such microscopic images, image analysis is needed. Recently, some intriguing 

examples are shown, also in the field of cell signaling and cell migration. One example is the 

work of Claire Waterman (Kanchanawong et al., 2010), who used iPALM (interferometric Photo-

Activated Localization Microscopy ) to study the integrin adhesome. In PALM, photoactivation 

is used to gain resolution by recalculating the center of a diffraction-limited spot from one 

single fluorescent molecule. Using interference of the signal from two axial objectives via 

dichroic mirrors onto three cameras makes it possible to precisely measure the z-position of 

the diffraction-limited spot. In this way the orientation of talin within integrin clusters could 

be addressed, which was debated based on previous conflicting, biochemical data. Another 

example comes from the work of Klaus Hahn and co-workers, who used GTPase biosensors to 

quantify the coordinated activation of RhoA, Rac1 and Cdc42 in a 0.9 µm wide peripheral area at 

cell protrusions (Machacek et al., 2009). By calculating the correlation between GTPase activity 

and edge protrusion, they could construct a model involving sequential activation of Rho, Rac1 

and Cdc42 which was different from the consensus in the field as described in the previous 

paragraph “Cell migration and the Rho GTPases”.

A third example is an approach to use FLIM-FRET (Fluorescence Lifetime Imaging 

Microscopy – Forster Resonance Energy Transfer) for imaging the Raichu-Rac1 probes by 

Enrico Gratton (Digman et al., 2008). Raichu probes measures the activity of Rac1 by sensing 

the interaction of Rac1 with a portion of the Rac1 effector PAK included as a ligand in a single-

chain construct (YFP-PAK-Rac1-CFP-tail) (Itoh et al., 2002;Nakamura et al., 2005;Nakamura 

et al., 2006;Nakamura and Matsuda, 2009). The donor lifetime shortens when the energy 

is transferred to the acceptor, which can be measured in the time domain by single photon 

counting, or in the frequency domain by frequency modulation of the excitation light. The 

Phasor-analysis is a way to simplify lifetime plots by plotting them as vectors to quickly quantify 
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the contribution of different fluorochrome species in a single pixel. This saves computation 

time because it is not required to do a multi-exponential fit on the lifetime decay curves. 

Finally, Victor Small suggested in 2010 that lamellipodia might not be as much branched as 

we used to think (Urban et al., 2010;Small, 2010). The technique he used to prove this conclusion 

was electron tomography, but to address this question further, super-resolution techniques 

will be useful. In 2012, the same group used correlated light and electron microscopy (CLEM) 

to find that branched actin is found further from the edge of migrating cells, probably acting 

to initiate and maintain a network of filaments (Vinzenz et al., 2012). In these various ways, 

new technology can provide new insights in existing dogmas. These examples show that the 

combination of microscopy and image analysis is fruitful to further developments, to break 

the diffraction limit (as in super-resolution techniques), to address spatio-temporal signaling 

behavior in a cellular context and to resolve features that cannot be seen by eye (as in FRET 

analysis and tracking of actin cables).
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Scope of thiS theSiS
In this thesis, two proteins are investigated in detail. This is firstly the small GTPase Rac1, a 

central regulator of cytoskeletal dynamics, cell adhesion and migration. Secondly, we studied 

the proto-oncogene SET which we previously found to associate to the hypervariable region 

(HVR) in the Rac1 C-terminus. SET is not the only protein that binds to the Rac1 HVR. In fact, 

we and others have found >10 different proteins that bind to Rac1 through this domain. This is 

unexpected, as the Rac1 HVR, which harbors a polybasic region was initially suggested to act as 

a charge-dependent membrane association domain. In chapter 2, we present a review of the 

various Rac1 C-terminal interaction partners and their function in the cell, supporting the view 

that also Rac1 is indeed “more than a simple switch” (Symons and Settleman, 2000). 

In chapter 3, we describe the dynamics by which SET is recruited from the nucleus into 

the cytosol. To analyse the spontaneous nucleo-cytoplasmatic shuttling dynamics of SET, 

we have developed an image analysis method based on live-cell imaging of SET, fused to a 

fluorescent protein (e.g. YFP). Using this approach, we show that a fraction of nuclear SET shows 

spontaneuous shuttling to the cytosol. In addition, we show that a phoshomimetic mutation at 

position Ser9 in the SET N-terminus increases the number of times a fraction of SET exits the 

nucleus. This data provides quantitive support for previous findings and also validates the new 

image analysis method. Moreover, this analysis provides more insight in the spatiotemporal 

behavior of this protein.

Having established that SET can readily translocate from the nucleus, we invested in 

identifying compounds or stimuli that would promote the nuclear exit of SET. The results of 

these experiments are presented in chapter 4. Here we analyze, using the newly developed 

image analysis method, the dynamic interplay between SET and Rac1 in live cells.Moreover we 

describe our finding that the immunosuppressant FTY720 (also known as Fingolimod) induces 

rapid nuclear exit of SET, concomitant with nuclear exit of Rac1.

Previous work form our group has indicated that SET, once in the cytosol, could cooperate 

with Rac1 in the induction of cell motility. In chapter 5, we further investigated the relevance of 

cytoplasmatic SET in cell migration, by making use of a SET mutant with a mutation in the cryptic 

nuclear localization signal. In addition, we have used additional image analysis approaches for 

the quantification of cell migration, both using a scratch assay and by kymograph analysis of 

membrane ruffles to further define the contribution of non-nuclear SET to cell motility. 

In chapter 6 we address the question whether the position of the SET-binding region in Rac1, 

the Rac1 C-terminus is important for Rac1 activation and signaling by constructing a GFP moiety 

in front of the HVR of Rac1. This way, the HVR is dislocated relative to the more N-terminal 

effector domain and the core G-domain in general. These experiments showed that Rac1 with a 

dislocated, but otherwise normal HVR no longer localizes properly and shows impaired signaling. 

These findings underscore the more recent notion that the hypervariable C-terminal domains 

do in fact form an integral part of Rho-like GTPases, controlling not only membrane anchoring, 

but also activation by GEFs as well as the capacity for downstream signaling. Finally, in chapter 7, 

the findings described in this thesis are briefly summarized and discussed.

16



G
EN

ER
A

L IN
TR

O
D

U
C

TIO
N

 A
N

D
 SC

O
PE O

F TH
IS TH

ESIS

1
RefeRenceS
1. Alberts, B. 1998. The cell as a collection of protein 

machines: preparing the next generation of 
molecular biologists. Cell 92:291-294.

2. Baetu, T.M. 2012. Genes after the human 
genome project. Stud. Hist Philos. Biol. 
Biomed. Sci. 43:191-201.

3. Basu, S. 2011. PP2A in the regulation of cell 
motility and invasion. Curr. Protein Pept. Sci. 
12:3-11.

4. Beresford, P.J., D.Zhang, D.Y.Oh, Z.Fan, 
E.L.Greer, M.L.Russo, M.Jaju, and J.Lieberman. 
2001. Granzyme A activates an endoplasmic 
reticulum-associated caspase-independent 
nuclease to induce single-stranded DNA nicks. 
J. Biol. Chem. 276:43285-43293.

5. Bos, J.L., H.Rehmann, and A.Wittinghofer. 
2007. GEFs and GAPs: critical elements in the 
control of small G proteins. Cell 129:865-877.

6. Carlsson, A.E., and D.Sept. 2008. Mathematical 
modeling of cell migration. Methods Cell Biol. 
84:911-937.

7. Chow, K.H., R.E.Factor, and K.S.Ullman. 2012. The 
nuclear envelope environment and its cancer 
connections. Nat. Rev. Cancer 12:196-209.

8. de Kreuk, B.J., M.Nethe, M.Fernandez-Borja, 
E.C.Anthony, P.J.Hensbergen, A.M.Deelder, 
M.Plomann, and P.L.Hordijk. 2011. The F-BAR 
domain protein PACSIN2 associates with Rac1 
and regulates cell spreading and migration. J. 
Cell Sci. 124:2375-2388.

9. Digman, M.A., V.R.Caiolfa, M.Zamai, and 
E.Gratton. 2008. The phasor approach to 
fluorescence lifetime imaging analysis. Biophys. 
J. 94:L14-L16.

10. Fan, Z., P.J.Beresford, D.Y.Oh, D.Zhang, and 
J.Lieberman. 2003. Tumor suppressor NM23-
H1 is a granzyme A-activated DNase during 
CTL-mediated apoptosis, and the nucleosome 
assembly protein SET is its inhibitor. Cell 
112:659-672.

11. Gierasch, L.M., and A.Gershenson. 2009. 
Post-reductionist protein science, or putting 
Humpty Dumpty back together again. Nat. 
Chem. Biol. 5:774-777.

12. Grunwald, D., and R.H.Singer. 2012. Multiscale 
dynamics in nucleocytoplasmic transport. 
Curr. Opin. Cell Biol. 24:100-106.

13. Hervy, M., L.Hoffman, and M.C.Beckerle. 2006. 
From the membrane to the nucleus and back 
again: bifunctional focal adhesion proteins. 
Curr. Opin. Cell Biol. 18:524-532.

14. Hodgson, L., O.Pertz, and K.M.Hahn. 2008. 
Design and optimization of genetically 

encoded fluorescent biosensors: GTPase 
biosensors. Methods Cell Biol. 85:63-81.

15. Hornberg, J.J., F.J.Bruggeman, B.Binder, 
C.R.Geest, A.J.de Vaate, J.Lankelma, R.Heinrich, 
and H.V.Westerhoff. 2005. Principles behind 
the multifarious control of signal transduction. 
ERK phosphorylation and kinase/phosphatase 
control. FEBS J. 272:244-258.

16. Itoh, R.E., K.Kurokawa, Y.Ohba, H.Yoshizaki, 
N.Mochizuki, and M.Matsuda. 2002. Activation 
of rac and cdc42 video imaged by fluorescent 
resonance energy transfer-based single-
molecule probes in the membrane of living 
cells. Mol. Cell Biol. 22:6582-6591.

17. Jailkhani, N., V.K.Chaudhri, and K.V.Rao. 2011. 
Regulatory cascades of protein phosphatases: 
implications for cancer treatment. Anticancer 
Agents Med. Chem. 11:64-77.

18. Kanchanawong, P., G.Shtengel, A.M.Pasapera, 
E.B.Ramko, M.W.Davidson, H.F.Hess, and 
C.M.Waterman. 2010. Nanoscale architecture 
of integrin-based cell adhesions. Nature 
468:580-584.

19. Kandilci, A., E.Mientjes, and G.Grosveld. 
2004. Effects of SET and SET-CAN on the 
differentiation of the human promonocytic cell 
line U937. Leukemia 18:337-340.

20. Kim, J.Y., K.S.Lee, J.E.Seol, K.Yu, D.Chakravarti, 
and S.B.Seo. 2012. Inhibition of p53 acetylation 
by INHAT subunit SET/TAF-Ibeta represses p53 
activity. Nucleic Acids Res. 40:75-87.

21. Klooster, J.P., Z.M.Jaffer, J.Chernoff, and 
P.L.Hordijk. 2006. Targeting and activation 
of Rac1 are mediated by the exchange factor 
{beta}-Pix. J. Cell Biol.

22. Kuhn, T., T.O.Ihalainen, J.Hyvaluoma, N.Dross, 
S.F.Willman, J.Langowski, M.Vihinen-Ranta, 
and J.Timonen. 2011. Protein diffusion in 
mammalian cell cytoplasm. PLoS. One. 
6:e22962.

23. Kumeta, M., S.H.Yoshimura, J.Hejna, and 
K.Takeyasu. 2012. Nucleocytoplasmic shuttling 
of cytoskeletal proteins: molecular mechanism 
and biological significance. Int. J. Cell Biol. 
2012:494902.

24. Lazebnik, Y. 2002. Can a biologist fix a radio?-
-Or, what I learned while studying apoptosis. 
Cancer Cell 2:179-182.

25. Leopoldino, A.M., C.H.Squarize, C.B.Garcia, 
L.O.Almeida, C.R.Pestana, L.M.Sobral, 
S.A.Uyemura, E.H.Tajara, G.J.Silvio, and 
C.Curti. 2012. SET protein accumulates in 
HNSCC and contributes to cell survival: 

17



G
EN

ER
A

L IN
TR

O
D

U
C

TIO
N

 A
N

D
 SC

O
PE O

F TH
IS TH

ESIS

1
Antioxidant defense, Akt phosphorylation and 
AVOs acidification. Oral Oncol. 48:1106-1113.

26. Li, M., H.Guo, and Z.Damuni. 1995. Purification 
and characterization of two potent heat-stable 
protein inhibitors of protein phosphatase 2A 
from bovine kidney. Biochemistry 34:1988-1996.

27. Li, M., A.Makkinje, and Z.Damuni. 1996. The 
myeloid leukemia-associated protein SET is a 
potent inhibitor of protein phosphatase 2A. J. 
Biol. Chem. 271:11059-11062.

28. Lock, J.G., and S.Stromblad. 2010. Systems 
microscopy: an emerging strategy for the life 
sciences. Exp. Cell Res. 316:1438-1444.

29. Machacek, M., L.Hodgson, C.Welch, H.Elliott, 
O.Pertz, P.Nalbant, A.Abell, G.L.Johnson, 
K.M.Hahn, and G.Danuser. 2009. Coordination 
of Rho GTPase activities during cell protrusion. 
Nature 461:99-103.

30. Maxmen, A. 2011. Single-cell analysis: Imaging 
is everything. Nature 480:139-141.

31. Mazzarello, P. 1999. A unifying concept: the 
history of cell theory. Nat. Cell Biol. 1:E13-E15.

32. Modha, R., L.J.Campbell, D.Nietlispach, 
H.R.Buhecha, D.Owen, and H.R.Mott. 2008. The 
Rac1 polybasic region is required for interaction 
with its effector PRK1. J. Biol. Chem. 283:1492-1500.

33. Nagata, K., H.Kawase, H.Handa, K.Yano, 
M.Yamasaki, Y.Ishimi, A.Okuda, A.Kikuchi, and 
K.Matsumoto. 1995. Replication factor encoded 
by a putative oncogene, set, associated with 
myeloid leukemogenesis. Proc. Natl. Acad. Sci. 
U. S. A 92:4279-4283.

34. Nakamura, T., K.Aoki, and M.Matsuda. 2005. 
Monitoring spatio-temporal regulation of Ras 
and Rho GTPase with GFP-based FRET probes. 
Methods 37:146-153.

35. Nakamura, T., K.Kurokawa, E.Kiyokawa, 
and M.Matsuda. 2006. Analysis of the 
spatiotemporal activation of rho GTPases using 
Raichu probes. Methods Enzymol. 406:315-332.

36. Nakamura, T., and M.Matsuda. 2009. In vivo 
imaging of signal transduction cascades with 
probes based on Forster Resonance Energy 
Transfer (FRET). Curr. Protoc. Cell Biol. Chapter 
14:Unit.

37. Nethe, M., E.C.Anthony, M.Fernandez-Borja, 
R.Dee, D.Geerts, P.J.Hensbergen, A.M.Deelder, 
G.Schmidt, and P.L.Hordijk. 2010. Focal-adhesion 
targeting links caveolin-1 to a Rac1-degradation 
pathway. J. Cell Sci. 123:1948-1958.

38. Nethe, M., B.J.de Kreuk, D.V.Tauriello, 
E.C.Anthony, B.Snoek, T.Stumpel, P.C.Salinas, 
M.M.Maurice, D.Geerts, A.M.Deelder, 
P.J.Hensbergen, and P.L.Hordijk. 2012. 
Rac1 acts in conjunction with Nedd4 and 

dishevelled-1 to promote maturation of cell-
cell contacts. J. Cell Sci. 125:3430-3442.

39. Nurse, P. 2008. Life, logic and information. 
Nature 454:424-426.

40. Perrotti, D., and P.Neviani. 2008. Protein 
phosphatase 2A (PP2A), a drugable tumor 
suppressor in Ph1(+) leukemias. Cancer 
Metastasis Rev. 27:159-168.

41. Pertz, O., L.Hodgson, R.L.Klemke, and K.M.Hahn. 
2006. Spatiotemporal dynamics of RhoA activity in 
migrating cells. Nature 440:1069-1072.

42. Ridley, A.J., and A.Hall. 1992. The small GTP-
binding protein rho regulates the assembly 
of focal adhesions and actin stress fibers in 
response to growth factors. Cell 70:389-399.

43. Ridley, A.J., H.F.Paterson, C.L.Johnston, 
D.Diekmann, and A.Hall. 1992. The small GTP-
binding protein rac regulates growth factor-
induced membrane ruffling. Cell 70:401-410.

44. Ridley, A.J., M.A.Schwartz, K.Burridge, R.A.Firtel, 
M.H.Ginsberg, G.Borisy, J.T.Parsons, and 
A.R.Horwitz. 2003. Cell migration: integrating 
signals from front to back. Science 302:1704-1709.

45. Saci, A., L.C.Cantley, and C.L.Carpenter. 2011. Rac1 
regulates the activity of mTORC1 and mTORC2 and 
controls cellular size. Mol. Cell 42:50-61.

46. Saito, S., M.Miyaji-Yamaguchi, and K.Nagata. 
2004. Aberrant intracellular localization of 
SET-CAN fusion protein, associated with a 
leukemia, disorganizes nuclear export. Int. J. 
Cancer 111:501-507.

47. Small, J.V. 2010. Dicing with dogma: de-
branching the lamellipodium. Trends Cell Biol. 
20:628-633.

48. Symons, M., and J.Settleman. 2000. Rho family 
GTPases: more than simple switches. Trends 
Cell Biol. 10:415-419.

49. ten Klooster, J.P., I.Leeuwen, N.Scheres, 
E.C.Anthony, and P.L.Hordijk. 2007. Rac1-
induced cell migration requires membrane 
recruitment of the nuclear oncogene SET. 
EMBO J 26:336-345.

50. Urban, E., S.Jacob, M.Nemethova, G.P.Resch, 
and J.V.Small. 2010. Electron tomography 
reveals unbranched networks of actin filaments 
in lamellipodia. Nat. Cell Biol. 12:429-435.

51. van Duijn, T.J., E.C.Anthony, P.J.Hensbergen, 
A.M.Deelder, and P.L.Hordijk. 2010. Rac1 recruits 
the adapter protein CMS/CD2AP to cell-cell 
contacts. J. Biol. Chem. 285:20137-20146.

52. van Hennik, P.B., J.P.ten Klooster, J.R.Halstead, 
C.Voermans, E.C.Anthony, N.Divecha, and 
P.L.Hordijk. 2003. The C-terminal domain of Rac1 
contains two motifs that control targeting and 
signaling specificity. J Biol Chem 278:39166-39175.

18



G
EN

ER
A

L IN
TR

O
D

U
C

TIO
N

 A
N

D
 SC

O
PE O

F TH
IS TH

ESIS

1
53. Vinzenz, M., M.Nemethova, F.Schur, J.Mueller, 

A.Narita, E.Urban, C.Winkler, C.Schmeiser, 
S.A.Koestler, K.Rottner, G.P.Resch, Y.Maeda, 
and J.V.Small. 2012. Actin branching in the 
initiation and maintenance of lamellipodia. J. 
Cell Sci. 125:2775-2785.

54. von Lindern, M., S.van Baal, J.Wiegant, A.Raap, 
A.Hagemeijer, and G.Grosveld. 1992. Can, a 
putative oncogene associated with myeloid 
leukemogenesis, may be activated by fusion of 
its 3’ half to different genes: characterization of 
the set gene. Mol. Cell Biol. 12:3346-3355.

19





the Rac1 hypeRVaRiaBle ReGion in 
taRGetinG and SiGnalinG:  

a tail of Many StoRieS

B. Daniel Lam and Peter L. Hordijk*

Dept. Molecular Cell Biology,  Sanquin Research and Landsteiner Laboratory, Academic 
Medical Center, Swammerdam Institute for Life Sciences, University of Amsterdam 

Plesmanlaan 125,  1066 CX Amsterdam, The Netherlands 
phone: +31-20-5123263, fax: +31-20-5123474

* correspondence to: p.hordijk@sanquin.nl

2



TH
E R

A
C

1 H
Y

PERV
A

R
IA

BLE R
EG

IO
N

 IN
 TA

R
G

ETIN
G

 A
N

D
 SIG

N
A

LIN
G

 A
 TA

IL O
F M

A
N

Y
 STO

R
IES

2

SuMMaRy
Cellular signaling by small GTPases is critically dependent on proper spatio-temporal 

orchestration of activation and output. In addition to their core G (guanine nucleotide 

binding)-domain, small GTPases comprise a hypervariable region (HVR) and a lipid anchor that 

are generally accepted to control subcellullar localization. The HVR encodes in many small 

GTPases a polybasic region (PBR) that permits charge-mediated association to the inner leaflet 

of the plasma membrane or to intracellular organelles. Over the past 15-20 years, evidence has 

accumulated for specific protein-protein interactions, mediated by the HVR, that control both 

targeting and signaling specificity of small GTPases. Using the RhoGTPase Rac1 as a paradigm 

we here review a series of protein partners that require the Rac1 HVR for association and that 

control various aspects of localized Rac1 signaling. Some of these proteins represent Rac1 

activators, whereas others mediate Rac1 inactivation and degradation and yet others potentiate 

Rac1 downstream signaling. Finally, evidence is discussed which shows that the HVR of Rac1 

also contributes to effector interactions, co-operating with the N-terminal effector domain. 

The complexity of localized Rac1 signaling, reviewed here, is most likely exemplary for many 

other small GTPases as well, representing a challenge to identify and define similar mechanisms 

controlling the specific signaling induced by small GTPases. 
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intRoduction
Cellular signaling employs complex networks that are composed of cell surface receptors, 

adapter proteins, molecular switches, and a host of downstream effector pathways that are all 

spatially organized by the actin and microtubule cytoskeleton as well as by vesicle transport 

and membrane dynamics. These effector pathways may require various types of enzyme that 

either feed back positively or negatively into surface receptors, modulate actin dynamics 

and adhesion molecules, or transfer their signal into the nucleus, resulting in transcriptional 

regulation, cell differentiation or growth. The nature of a cells’ intracellular response to an 

outside stimulus is determined early in the signaling cascade, at or near the plasma membrane. 

This is the site at which small GTPases of the Ras and Rho families trigger pathways that control 

cell growth and differentiation, cytoskeletal dynamics, adhesion and migration.

The molecular mechanisms that govern GTPase activation, inactivation and downstream 

signaling have been extensively studied over the past 25 years. The model describing small 

GTPases as molecular switches that can cycle between an ‘off’ and an ‘on’ state is in good 

agreement with models for other guanine nucleotide binding proteins, including elongation 

factor Tu and heterotrimeric G-proteins, that share sequence homology and biochemical 

properties with small GTPases 8,4. The GTPase ‘switch’ is represented by the binding to either 

GTP (‘on’) or GDP (‘off’). Upstream activation of GTPases requires GEFs (Guanine Nucleotide 

Exchange Factors) that promote the exchange of bound GDP for GTP, which is in excess in the 

cytosol. Inactivation requires GTP hydrolysis, an intrinsic but low activity that is stimulated by 

GAPs (GTPase Activating Proteins). GTPases of the Rho and Rab families are, in the inactive, 

GDP-bound form, associated to cytosolic chaperones called GDIs (Guanine nucleotide 

Dissociation Inhibitors). Other regulators include the GDS (Guanine nucleotide Dissociation 

Stimulator) proteins, such as Smg (Small G-protein) GDS or Ral-GDS, that also acts as GEFs, 

activating subclasses of the superfamily of small GTPases 11. 

In the active, GTP-bound, conformation, small GTPases bind to effector molecules, 

translating the upstream signal into downstream responses. The regions required for effector 

binding are primarily located in the GTPase N-terminus, from amino acid ~25-40 132. These 

interactions are quite specific, as single point mutations can generate GTPase mutants that 

bind to one and not another effector protein, as was shown for Rac1 134. Additional regions 

located more towards the C-terminus have been implicated in effector binding as well 28. Rho 

GTPases encode a unique ‘insert region’, i.e. amino acids 123-135 (Rac1 numbering), which is 

not found in other small GTPases. This region has been implicated in regulating a subset of 

effector pathways such as actin dynamics 55 and activation of the NADPH oxidase 83, albeit that 

the relevance of the insert region for oxidase activation was not confirmed in other studies 5,72.

Most families of small G-proteins comprise several members that can be highly homologous 

in sequence, in particular in the G (Guanine nucleotide-binding)-domain, the core structure of 

small GTPases. In this overview, we will focus on the Rho-family of small GTPases (22 members), of 

which some, such as the Rac1 and Rac2 GTPases, share over 90% sequence identity 9. This identity 

also includes the effector domains, suggesting that other regions determine signaling specificity 

of the Rac GTPases. The most likely region controlling such specificity is the hypervariable 

region (HVR) in the GTPase C-terminus. This small region shows striking sequence diversity 
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among related GTPases, which has been linked to their differential localization to intracellular 

membranes, nuclear translocation as well as binding to regulatory- and effector proteins 71,62,80,74. 

In the early 90’s a series of studies established the functional importance of the HVR of Rac 

GTPases by focusing on its role in the activation of the NADPH oxidase complex. This complex 

was, at the time, already identified as an established Rac effector, responsible for production 

of reactive oxygen species in granulocytes 25. Using purified proteins and membrane extracts 

in a cell-free assay, the activity of the oxidase complex could be quantified, which allowed the 

testing of Rac1 and Rac2 mutants as well as interfering peptides. Whereas GTP-bound Rac1 binds 

through its N-terminal effector domain to the principal oxidase effector component, p67phox, 

and to a region more towards the C-terminus 27, several studies showed that the hypervariable 

C-terminal domain of Rac proteins was also critical for oxidase activation 61,52,13,53. This could relate 

to the fact that the HVR is required for proper targeting of Rac1 in the cell-free assay. Targeting 

of most small GTPases to membranes also requires modification of the C-terminus by covalent 

attachment of a lipid anchor 47. However, in the cell-free oxidase assays, most Rac proteins used 

were made in E-coli and thus not prenylated. Peptides, encoding the HVR could interfere with 

oxidase activation by the full-length Rac protein, further underscoring the notion that the HVR of 

Rac1 was responsible for this effect. However, whether this result was sequence-specific or due 

to the highly charged nature of the HVR has been subject of conflicting findings 52,61. Differential 

binding of GTPases to cellular membranes and compartments has been demonstrated using 

GFP (Green Fluorescent Protein)-fusion proteins of different HVRs of a subset of RhoGTPases. 

This shows that the HVRs are not only required but also sufficient for such targeting. Moreover, 

differential localization correlated with the number of basic residues in the C-terminus, with 

highly basic domains targeting preferentially to the plasma membrane 71. 

Also nuclear localization of Rac1 has been linked, in several studies, to its HVR. The Rac1 

C-terminus harbors a nuclear localization signal (NLS) represented by its PBR 135,62. A fusion 

protein in which the Rac1 C-terminus is coupled to GFP shows a nuclear localization, indicating 

that the Rac1 C-terminus is sufficient to drive proteins into the nucleus of MDCK, COS-1, 

porcine aortic endothelial (PAE) cells as well as ECV304 human bladder carcinoma, HeLa, and 

NIH 3T3 cells 70. The NLS is inactive when Rac1 is bound to RhoGDI, which explains its cytosolic 

localization. Nuclear translocation of Rac GTPases has been linked to their degradation 62,104. 

Rac1 degradation, in turn, requires its activation and can be induced by the CNF1 (Cytotoxic 

Necrotizing Factor1) toxin from E coli. CNF1 de-amidates Rac/Rho GTPases at position 61/63, 

thereby generating a constitutively active GTPase 92. Degradation of CNF-activated Rac1, 

but not Rac2 or Rac3, is dependent on the HVR, since the Rac1 HVR, swapped for the Rac2 

HVR, promotes degradation of a full length Rac2/Rac1 HVR chimera. This finding is in good 

agreement with the absence of a NLS in the Rac2 and Rac3 C-termini and the notion that 

nuclear translocation of activated Rac1 is required for proteasome-mediated degradation 62,104. 

Whereas the targeting of small GTPases by a C-terminal lipid anchor and charge-dependent 

association of the PBR to the plasma membrane is clearly a key mechanism that controls 

differential localization and signaling, evidence has been accumulating over the past 15-20 

years for supplementary modes of regulation, based on specific protein-protein interactions. 

In all this work, the HVR of Rac1 has been the most extensively studied. Here, we will review 
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a series of protein partners of Rac1 that require the HVR for their association (Figure 1). This 

represents a diverse group of proteins that reside in various locations, in line with the notion 

that Rac1 exerts distinct functions in different cellular compartments. 

pRotein-pRotein inteRactionS Mediated  
By the Rac1 c-teRMinuS
activation by Guanine nucleotide exchange factors

Because the C-terminal HVR of RhoGTPases is one of the main features discriminating these 

highly homologous family members, it represents a prime determinant for specific interaction 

with one of the many (~80) RhoGEFs 11 that have been identified. However, GTPase-GEF 

interactions are mediated by the switch I and switch II regions, rather than by the C-terminus, 

as was shown, for example, for the GEFs Tiam1 as well as Vav1 137. Many GEFs can activate several 

different RhoGTPases 11, that are sometimes highly homologous in their N-terminal Switch I/II 

regions. Specificity of GEF-mediated activation is therefore the result of cell-specific expression 

of the GEFs as well as of the GTPases 121. As exceptions to this, there are at least two GEFs for 

which there is evidence that they also bind to the Rac1 HVR, i.e. smgGDS (small G-protein 

dissociation stimulator) and β-PIX (Pak-Interacting eXchange factor). 

SmgGdS

The armadillo protein smgGDS is an atypical GEF that shows selectivity towards some, but not 

all RhoGTPases 126. SmgGDS also binds to the inactive N17 mutants of H- and N-Ras, but does 

ED HV

PIP-5-K

SET/I2PP2A

PRK1

Caveolin1
PACSIN2
CD2AP

-Pix

CPPPVKKRKRK - CLLL

Rac1

IQGAP

PAK

WAVE

p67phox

Sra/CYFIP

POSH

IRSp53

PLC- mTor

CRIB-effectors

Non-CRIB-effectors

Protein and lipid kinases

Adapter proteins

GEF

Karyopherin α2
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Par-6

geranylgeranyl

Calmodulin

Nedd4-1Ubiquitin E3 ligase

palmitoyl

Formin

figure 1. overview of Rac1-interacting proteins. In the left part of the figure, proteins known to bind to the 
effector domain (ED) of Rac1 via their CRIB domain or not are listed. In the right part of the figure, proteins 
known to bind to the hypervariable (HV) region are listed. These proteins are clustered dependent on 
their known interactions. See text for details. 
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not promote nucleotide exchange. Further experiments showed that the PBR present in the 

C-terminus of RhoA and Rac1 but not in H- or N-Ras, is necessary but not sufficient for smgGDS-

mediated nucleotide exchange 126. A more recent study further confirmed the requirement for 

the RhoA C-terminus for nucleotide exchange by smgGDS 46. This work showed that smgGDS 

is a bona fide GEF for RhoA and RhoC, but, in contrast to the study by Vikis et al. 126, does not 

activate other RhoGTPases including Rac1, Rac2 and Cdc42. 

The laboratory of Williams and colleagues has studied the interaction between smgGDS 

and Rac1, focusing on the Rac1 C-terminal PBR 135. Rac1 binds smgGDS through this region and 

this interaction controls the nucleo-cytoplasmic shuttling of the Rac1-smgGDS complex. The 

Rac1 PBR comprises, in contrast to that of RhoA, a nuclear localization signal and Rac1 mutants 

lacking the PBR, do not localize to the nucleus 62. These authors further proposed that smgGDS-

promoted Rac1 activation stimulated nuclear translocation of the complex, whereas smgGDS 

binding to and activating RhoA would promote its cytoplasmic accumulation, due to the 

absence of a NLS in RhoA.

The functional consequences of the nuclear shuttling of the Rac1-smgGDS complex are not 

clear. Lanning et al. proposed that the complex would dissociate upon nuclear entry releasing 

Rac1 from smgGDS to allow local signaling 62. Later studies have linked nuclear translocation of 

activated Rac1, dependent on its PBR and its interaction with the armadillo protein karyopherin 

α2, to Rac1 degradation (See below; 62,104 (Figure 2).

nucleus

Rac1
K

U
U

U
U

Rac1
Cav1

PIX
Rac1

Rac1U

Rac1

U
U

U
U

U

Rac1 GDI

Proteasomal
degradation

Integrins

ubiquitin

Focal Adhesion

GEFs

Cell spreading
and migration

E3 ligases

E3

smgGDS

Rac1

Rac1 Rac1GTP

Focal
adhesions

figure 2. Rac1 interactions at focal adhesions and in the nucleus. Figure provides a model of the different 
local interactions of Rac1 with the various C-terminal-interacting proteins. The various regions that focus 
Rac1 activity and regulation are indicated by the different colors. Integrin-mediated Rac1 activation, 
possibly by PIX, leads to its targeting to FAs and recruitment of Caveolin1. Caveolin1 subsequently regulates 
Rac1 ubiquitylation and internalization. Internalized Rac1 may associate to Karyopherin α, translocate to 
the nucleus for further ubiquitylation and proteasomal degradation. 
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Beta-piX

The Rac1/Cdc42 GEF β-PIX (also known as ArhGEF7) binds to the Rac1 C-terminal proline-rich 

region, directly N-terminal of the PBR 58. This finding was based on the notion that this region 

is similar to an earlier defined PIX-binding motif in PAK, which is in fact an a-typical SH3 domain 

binding motif 67. We could show that the SH3 domain of PIX was required for efficient binding to 

the proline stretch in the Rac1 C-terminus, and that in HEK293 cells this sequence was required 

for targeting the activated V12Rac1 mutant to Focal Adhesions (FAs) (Figure 2). In addition, 

β-PIX also serves as a genuine Rac1-targeting protein, since a Rac1C186S mutant, that cannot 

be prenylated and localizes primarily to the nucleus, shows increased cytosolic and membrane 

localization upon co-transfection with β-PIX 58. 

Since PAK also uses a proline-rich domain for β-PIX binding, these interactions will result in 

competition between PAK1 and Rac1. This suggests that, following β-PIX-mediated activation of 

Rac1, Rac1 will bind through its effector domain to PAK, which may then replace Rac1 from binding 

to the β-PIX-SH3 domain, allowing Rac1 signaling and subsequent inactivation. Interestingly, an 

earlier study had shown that the Rac1 PBR is also required for PAK1 binding 59. This suggests that, 

perhaps transiently, a trimeric complex can form comprising Rac1, PAK and β-PIX. However, 

formal proof will require additional biochemical studies using the appropriate mutants. 

Previously, PAK was proposed to function upstream of Rac1, mediating CDC42-dependent 

Rac1 signaling. Thus, the PIX-PAK complex may well be part of a positive feedback loop, 

potentiating Rac1 signaling at FAs. The notion of such a signaling pathway is supported by work 

from Romer and colleagues, who showed that Focal Adhesion Kinase (FAK) can phosphorylate 

βPIX, promoting its binding to Rac1 as well as the targeting of Rac1 to FAs 17. 

doWnStReaM effectoRS: pRotein- and lipid KinaSeS
Although most protein kinases in Rac1 signaling pathways act as effectors that require the GTP-

induced conformational switch to become activated (Figure 3), for some of these an interaction 

with the Rac1 HVR was shown. This suggests that co-operativity exists between this region and 

the N-terminal effector domain in Rac1. 

paK1 

Using Far-Western blotting, Knaus et al, 59 showed that the HVR is required for efficient binding 

of GTPγS-loaded Rac1 to PAK1. In line with this, stimulation of PAK1 auto-phosphorylation was 

severely reduced by a PBRQ mutant of Rac1, in which all basic residues in the PBR are mutated 

to Gln (Q). This suggests that the Rac1 PBR is also involved in PAK1 activation. Use of chimeras 

showed that Rac1 with the intact Rac2 C-terminus was less efficient in activating PAK1, whereas 

a Rac2 chimera with the Rac1 C-terminus gained capacity to activate PAK1 59. In this study, the 

PBR was proposed to act as a novel ‘effector domain’. Whereas this is true for Rac1 effectors in 

general remains to be established, but there are other examples, such as for the kinase PRK (see 

below), that suggest that the PBR in Rac1 is more than just a membrane-targeting sequence. 
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pip-5K 

In search for a link between actin-regulating RhoGTPases and actin-regulating lipid kinases, 

Tolias et al. 115,116 showed that Rac1 binds to PIP-5-K (phosphatidylinositol-4-phosphate 5-kinase) 

as well as to DGK (diacylglycerol kinase) in a nucleotide-independent manner. In contrast, the 

association of Rac1 with PI3-Kinase was found to be GTP-dependent 115. In a subsequent study it 

was shown that Rac1, but not RhoA or Cdc42, associated, through its HVR, to PIP-5-K and DGK. 

This association was subsequently linked to K186 in the Rac1 HVR 117.

The interaction of Rac1 with these lipid kinases was stimulated in vitro by a subset of 

phosopholipids such as PS (phosphatidylserine), PA (phosphatidic acid) and PI-3,4-P2, but not 

PC (phosphatidylcholine) or PI-3,4,5,-P3. Moreover, PIP-5-K and DGK were found to complex 

both with Rac1 and with RhoGDI. Rac1 associates to RhoGDI through a series of protein-

interface-based interactions, as well as through its geranylgeranyl anchor 26,43. In this complex, 

the HVR appears to be relatively exposed, allowing interactions with other proteins, such as 

the lipid kinases discussed here. In fact, our lab has also shown that a Rac1 C-terminal peptide 

does not bind to RhoGDI, but does compete for an association between PIX and RhoGDI 58. This 

suggests that Rac1 simultaneously binds to PIX, through its C-terminus, and to RhoGDI, using 

both its lipid anchor and regions in the Rac1 N-terminus. 

The model proposed by Tolias et al. suggested that the DGK-PIP-5-K axis generates, once 

at the membrane, the phospholipids that would promote dissociation of RhoGDI allowing 

Rac1 activation 116. Later studies suggested various lipid-based feed-back loops in the complex. 

Tolias et al. 117 showed that PIP-5-K acts as a Rac1 effector, producing PIP2 that promotes actin 
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uncapping and local actin polymerization 117. More recently, Chae et al. 16 presented a model in 

which phosphatidic acid, derived from integrin-regulated phospholipase D but which can also 

be synthesized by DGK, binds to the HVR of Rac1, leading to GDI dissociation and recruitment 

of GTP-bound Rac1 to the plasma membrane. 

Our own lab later confirmed the PIP-5-K binding of Rac1 through its HVR and identified 

the proline-rich region in the HVR, as a region in Rac1 that can bind to SH3 domains (as in Crk, 

PIX , CD2AP and PACSIN2) 122,58,120,21. We showed that protein-protein interactions that required 

the PBR did not necessarily require the proline-rich domain but that, conversely, the proline-

dependent interactions did require the PBR. This is in agreement with other SH3 domain-based 

interaction wherein one or more downstream basic residues are required to stabilize the 

binding to the proline-rich sequence 73,102

pRK 

The PRK kinases (Protein Kinase C-related kinase, also known as Protein Kinase N, PKN) are 

established effectors of both RhoA and Rac1 130,127. These kinases regulate cytoskeletal dynamics, 

as well as transcriptional activity and mitogenesis 142. The analysis by scintillation proximity assays 

and NMR of the interaction between Rac1 and PRK1 supported a model in which the Rac1 PBR 

mediates specific interactions with effector proteins 88,74. In these analyses, the relevance of any 

of the basic residues for the interaction were underscored and a model depicting the specific 

contribution of the Rac1 C-terminus in PRK1 binding was presented. Intriguingly, the analysis 

by Modha et al. suggested that the Rac1 C-terminus has a rather fixed structure comprising a 

proline-based α-helix, followed by an extended stretch of large basic residues 74. Importantly, 

the C-terminal portion of this region (Lys 183-Arg185) was proposed to loop back to interact with 

the core G-domain, in particular with portions of the switch II region and the region C-terminal 

to helix 3. In addition, several of the basic residues in the PBR contact the cognate binding 

region in PRK1 74. Since the Rac1 C-terminus is predicted to interact with its switch II region (i.e. 

Pro73, Gln74), it is likely that GTP binding does affect the relative position of the C-terminus, 

and thereby the affinity for effectors such as PRK1. Reminiscent of this is our own finding that 

Rac1 binding to the ubiquitin ligase Nedd4, for which the Rac1 C-terminus is sufficient, is more 

efficient for activated Rac1 (Q61 mutant) as compared to inactive Rac1 (N17 mutant). 

mtor

The mTor kinase is part of the mTORC1 and mTORC2 complexes that relay growth factor 

signaling, nutrient status and oxygen concentration into cellular responses such as gene 

translation and protein synthesis 138. The mTORC2 complex signals towards the Akt kinase 

and regulates the actin cytoskeleton through RhoGTPases 50. Recent work showed that 

RhoGTPases, in particular Rac1, can also function upstream of mTOR 103. These authors showed 

that Rac1 binds in a nucleotide-independent fashion to mTOR though the Rac1 HVR, specifically 

through the PBR, but not the proline-rich region. Importantly, it was shown that Rac1 

controls the subcellullar localization of mTOR, recruiting the kinase to the plasma membrane 

and, in parallel, activating the kinase. These data suggest a model in which activated Rac1, 

which localizes to membranes, recruits and activates mTOR and thereby both mTORC1 and 

mTORC2 complexes, through the binding via the Rac1 PBR. Rac1 thus acts both upstream and 
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downstream of mTOR and is among a growing group of small GTPases, including Rheb and 

RalA, that regulate different aspects of TOR-mediated signaling 30. It is likely that this novel 

interaction between Rac1 and mTOR is of relevance for many biological systems, including 

platelet activation as well as cancer cell motility and metastasis 6,44.

ReGulation of Rac1 By adapteR pRoteinS
cd2-associated protein

CD2-associated protein 31 (CD2AP, also known as CMS: Cas ligand with multiple Src homology 

3 (SH3) domains) is an adapter protein implicated actin dynamics, cell adhesion and receptor 

traffic 29,66,49. CD2AP harbors three SH3 domains in its N-terminus and an actin binding region, 

proline-rich domains and a coiled-coil region in its C-terminus. CD2AP is also closely related 

to CIN85 (Cbl-interacting protein, also known as Ruk, SETA, SH3KBP1)31. CD2AP is best known 

for its role in the kidney, where it links nephrins, homotypic cell-adhesion proteins that are 

critical for renal filtration, to the actin cytoskeleton. As a result, mice lacking CD2AP show 

kidney failure and die at 6 weeks of age 107,106. Interestingly, nephrin was previously shown 

to bind to the Rac1 effector IQGAP1 suggesting Rac1 signaling affects podocyte cell-cell 

contacts 64. This is further supported by the analysis of the Rac1GAP ArhGAP24, which is 

mutated in glomerulosclerosis, in line with the notion that the balance between Rac1 and 

RhoA signaling is important for proper kidney function 3 . 

We found CD2AP in a screen for proteins binding to the peptide encoding the Rac1 C-terminus 
120. This binding is very efficient, most likely because the proline-rich region in the Rac1 peptide 

can bind to all three SH3 domains. Mutating each of these individually in the context of full-

length CD2AP did not dramatically block binding of CD2AP to Rac1, indicating that Rac1 can 

bind to either SH3 domain. Interestingly, we found that in epithelial cells expressing activated 

Rac1, CD2AP co-localizes with active Rac1 in membrane ruffles in single cells, and at cell-cell 

contacts in confluent cells. The latter effect promotes cell-cell adhesion, since knockdown 

of CD2AP resulted in a reduction in transepithelial resistance 120 (Figure 4). These findings 

are in line with the role of CD2AP in podocytes and are in good agreement with findings in 

Drosophila, where the CD2AP orthologue Cindr promotes E-cadherin localization to junctions 

and stimulates junctional stability 51. CD2AP may, in conjunction with Rac1 activity, induce actin 

rearrangements, as CD2AP binds to the actin capping proteins CapZ and the cortical actin 

regulator cortactin 66,49. In fact, we could show that CD2AP links Rac1 to CapZ and cortactin 120. 

Finally, E-cadherin itself could promote CD2AP recruitment by acting as a junctional ‘anchor’, 

since it was shown to bind to CD2AP in gastric epithelial cells 76. 

pacSin2

The BAR (Bin/Amphiphysin/Rvs)-domain containing adapter protein PACSIN2 is a member of 

a large family of regulatory proteins (adapter proteins, GAPs and GEFs) that comprise various 

forms of BAR domain 20,100. BAR domains bind to phospholipids in intracellular membranes and 

sense and promote membrane curvature. BAR domain proteins reside on the inner leaflet of 

the plasma membrane and on intracellular vesicles and regulate protein traffic and local cell 

signaling 97,110. The PACSIN proteins (i.e. PACSIN1,2,3) encode a so-called F-BAR (FCH-BAR e.g., 
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Fes/CIP4 homology BAR) domain that regulates membrane curvature such that internalization of 

the plasma membrane is induced. Expression of F-BAR domains induces the formation of tubulo-

vesicular organelles that arise at the plasma membrane and move towards the cell center 101,20.

Like CD2AP, PACSIN2 binds to the Rac1 C-terminus through a SH3 domain in its C-terminus. 

PACSIN2 binds to Rac1 in a nucleotide-independent fashion 21. We showed that PACSIN2 co-

localizes with Rac1 in membrane ruffles, on tubules and on early endosomes (Figure 3). We 

found an interesting bi-directional regulatory crosstalk between PACSIN2 and Rac1. An activated 

mutant of Rac1, Rac1Q61, inhibited formation of PACSIN2-positive tubulo-vesicular structures 

which was promoted by an inactive mutant of Rac1, Rac1N17. Based on live-cell imaging using 

GFP-tagged PACSIN2, we concluded that these tubules, upon inward movement, break and 

form early endosomes. Conversely, we found that expression of PACSIN2 in cells reduced the 

levels of endogenous GTP-bound Rac1 and Rac1-mediated spreading of epithelial cells. These 

effects were dependent on an intact SH3 domain ni PACSIN2, suggesting that its binding to 

Rac1 was required. In contrast, siRNA-mediated knockdown of PACSIN2, or expression of a 

PACSIN2 mutant with a mutated, inactive BAR domain, promoted RacGTP loading, epithelial 

cell spreading and migration in a wound-healing assay. These findings suggest a model in 

which PACSIN2 becomes recruited to areas of Rac1 activity, such as membrane ruffles, where 

PACSIN2 promotes membrane internalization, transporting membranes and activated Rac1 

towards early endosomes. Subsequent inactivation of Rac1 may occur either on these early 

endosomes, or on another intracellular compartment. Intriguingly, there are several RhoGAP 
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proteins that encode BAR domains, such as srGAP3/MEGAP 33,141 and these may well reside on 

similar membrane compartments as PACSIN2, regulating GAP-mediated inactivation of Rac1. 

calmodulin

A recent study by Vidal-Quadras et al. 125 showed that Rac1 binds to calmodulin in a calcium-

dependent manner. This interaction required both the PBR in the Rac1 C-terminus, as well as the 

lipid anchor. Binding appears to be selective for activated, membrane-associated Rac1, since an 

activated Rac1V12 mutant, lacking the C-terminal prenylation site (Cys 189), did not associate to 

calmodulin 125. This interaction of Rac1 and calmodulin is reminiscent of the interaction between 

calmodulin and K-Ras 4B, which also requires the K-Ras4B HVR 2. Notably, efficient interaction 

of K-Ras4B with calmodulin was nucleotide-dependent and required the catalytic region of the 

GTPase. This co-operativity between the hypervariable C-terminus and the N-terminal effector 

domains in K-Ras4B is again similar to the interactions described for Rac1 and PRK 74, for Rac1 

and Nedd4 81 and may also apply to the interaction Rac1 and calmodulin.

The functional consequences of Rac1 interacting with calmodulin were analyzed for the 

Rac1-PIP5K interaction. Inhibiting calmodulin function with an antagonist (W13) enhanced the 

binding of Rac1 to PIP5K in co-immunoprecipitation experiments 125. Moreover, W13 induced 

the formation of Arf6-positive and Rac1-positive membrane tubules in COS cells, which is 

regulated by Rac1 activity, PIP-5-K and microtubules. Expression of an inactive Rac1N17 mutant 

promoted tubule formation, whereas an activated Rac1V12 mutant reduced tubule formation. 

These findings are identical to results from our group on PACSIN2-positive, microtubule-

dependent tubules in HeLa cells 21. This suggests that the Rac1-PACSIN2 interaction, and the 

Rac1-Calmodulin interaction are components of the same internalization pathway. Moreover, 

both PACSIN2 and calmodulin act as negative regulators of Rac1 signaling, further linking 

pathways driving membrane internalization to the inhibition of Rac1 (Figure 3). 

caveolin1

The membrane-associated adapter Caveolin1 is a key regulator of cell signaling, due to its role 

in membrane domain organization and traffic of cell surface proteins, including integrins, 

growth factor receptors and cadherins 136. Caveolin1 has been implicated in cell spreading 

and migration, cell growth, EMT (epithelial-mesenchymal transition), tumor cell metastasis, 

inflammation and cardiovascular disease 136,7,80,82,89,69,42. Caveolin1 connects integrin function 

with Rac1 traffic and activity since integrin-mediated adhesion reduces Caveolin1-dependent 

membrane internalization. Conversely, cell detachment promotes Caveolin1-mediated 

membrane internalization, leading to the inhibition of Rac1 23,41. 

We found Rac1 binding to Caveolin1 serendipitously in the context of our work on the actin-

binding protein filamin, which associates to ICAM-1 in endothelial cells 54. Filamin associates 

with and is regulated by Caveolin1 109,54,111,75 and we tested binding to the Rac1 C-terminus as 

a control for Rac1 or ICAM-1 binding to Filamin. Caveolin1 is in many cells a polarity marker, 

which accumulates in the back of migrating cells. This is in good agreement with the notion 

that Caveolin1 positively regulates RhoA activity 41. However, in cells expressing activated 

Rac1, cell polarity is lost and Caveolin1 becomes more diffusely localized 41,80. Detailed confocal 

analysis showed that endogenous Caveolin1 is recruited to FAs in cells expressing active Rac1, 
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which localizes to these FAs as well. In line with earlier findings 23,41, we found that Caveolin1 is 

a negative regulator of Rac1 as siRNA-mediated downregulation of Caveolin1 increases basal 

levels of Rac1GTP. Surprisingly however, we found that this correlated with an increase in total 

Rac1 protein levels. In other words, Caveolin1 regulates Rac1 expression, which is reflected in 

concomitant changes in the levels of GTP-bound Rac1 80 (Figure 2). 

Because of this latter finding, regulation of Rac1 ubiquitylation was investigated. Rac1 is 

known to be ubiquitylated at Lys147 128 and this occurs primarily on activated Rac1 12,39 Analysis 

of Rac1 ubiquitylation showed that loss of Caveolin1 promotes mono-ubiquitylation of Rac1 80. 

Poly-ubiquitylation was, however, reduced under these conditions, resulting in an accumulation 

of mono-ubiquitylated and non-ubiquitylated, activated and non-activated Rac1 protein. It is 

not clear how Caveolin1 regulates the poly-ubiquitylation of mono-ubiquitylated Rac1, but this 

may require Rac1 internalization or targeting towards a Rac1 E3 ligase. Recently, the HACE1 and 

the cIAP/XIAP ubiquitin ligases were found to target Rac1 86,14,118. Interestingly, Caveolin1 binds 

to XIAP in the context of VEGF-induced cell survival of endothelial cells 57. XIAP also binds to 

Rac1, in a nucleotide-independent fashion 86 but the domain in Rac1 that is required for this 

association was not identified. Importantly, Caveolin1 links XIAP to integrins and FAK (Focal 

Adhesion Kinase), regulating integrin function and adhesion in endothelial cells 56. Given that 

Rac1 binding to Caveolin1 is stimulated by cell adhesion, it may well be that integrin-mediated 

Rac1 activation is accompanied by the recruitment of both Caveolin-1 and XIAP to Focal 

Adhesions, resulting in the local ubiquitylation of active Rac1. 

fhod1

The Formin Homology (FH) domain proteins are established regulators of cytoskeletal dynamics. 

This family includes the diaphanous proteins, effectors of active RhoA (see 34 for a review on 

formins), that promote actin nucleation and formation of short, unbranched actin fibers. Rac1, 

but not Rac2, Rac3 and RhoA, associates to FHOS (also known as FHOD1 (formin homology-2 

domain containing protein)) and frl (formin-related gene in leukocytes) in a nucleotide-

independent manner 133,60,40. In addition, the interaction required the Rac1 C-terminal HVR 133. 

Moreover, an activated mutant of Rac1 recruites FHOD1 to membrane ruffles 40. .In the initial 

functional studies on this interaction, both active and inactive Rac1 mutants were found to reduce 

FHOS-mediated activation of the SRE (Serum-Response Element), suggesting Rac1 signaling 

affects FHOD1 function in a complex fashion 133. A subsequent study 60 showed that FHOD1 

expression stimulates migration of melanoma cells on different substrates, but did not affect 

integrin expression or integrin-mediated adhesion. Moreover, expression of Rac1N17 as well as 

inhibition of RhoA or ROCK, inhibited the induction of action stress fibers in NIH3T3 cells by an 

activated mutant of FHOD1 60. Conversely, FHOD1 is also a substrate for ROCK, and its thrombin-

induced phosphorylation in endothelial cells mediates the formation of actin stress fibers 113. 

Together, these findings suggest that FHOD1 binds selectively to Rac1, but operates in Rac1 and 

RhoA signaling pathways and may function upstream as well as downstream of these GTPases. 

the ubiquitin e3 ligases nedd4

In addition to XIAP and HACE1, Rac1 also binds to another E3 ubiquitin ligase, Nedd4 81. Nedd4 

is, like HACE1, a member of the HECT (‘Homologous to the E6-AP Carboxyl Terminus’)-domain 
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family. However, Rac1 is not ubiquitylated by Nedd4 81,118. Nedd4 has been implicated in various 

physiological processes including heart development 37, adaptive immunity 140 and development 

of the neuromuscular junction, a specialized form of cell-cell contact 65. In line with this latter 

finding, our lab showed that Nedd4 is required for the formation of stable cell-cell contacts in 

epithelial HeLa cells, which is a Rac1-dependent process 81. Nedd4 binds, via its WW domains, to 

the HVR of Rac1 and this interaction is largely nucleotide-independent, although we detected 

increased interaction of Nedd4 with an activated mutant of Rac1. 

Subsequent functional studies showed that expression of Rac1 recruits Nedd4 to cell-cell 

contacts and that Nedd4, but not Nedd4-2, is activated by GTP-bound Rac1, resulting in the 

ubiquitylation and degradation of the adapter protein Dishevelled (Dvl1) 81 (Figure 4). Expression of 

Dvl1, and in particular a K-R Dvl1 mutant that is not ubiquitylated by Nedd4, reduced transepithelial 

resistance in HeLa cells. This is in good agreement with earlier reports that identified Dvl1 as 

a negative regulator of epithelial cell-cell contact in MDCK cells 32 and in developing mouse 

embryo’s 77. The mechanism by which Dvl1 regulates epithelial cell-cell contacts is currently 

unknown, but could involve cooperation with Rho signaling components, such as RhoKinase, as 

was recently shown for adherens junctions dynamics, required for neural plate closure 84. 

Rac1 SiGnalinG and the nucleuS
Whereas RhoGTPases are generally accepted to signal at the plasma membrane or on 

intracellular vesicles, there is increasing evidence for GTPase signaling in the nucleus. GTPases 

are known to regulate transcription and proliferation although this does not necessarily require 

their localization in the nucleus 22,94,95,87. Nuclear localization of endogenous GTPases has been 

difficult to establish rigourously, because the quality of available antibodies has been poor 70 

and because some secondary antibodies induce nuclear background staining. Expression of 

tagged, active mutants of Rac1 has been observed by many to result in nuclear localization of a 

fraction of the expressed protein. The work by Michaelson and colleagues 70 further confirmed 

that also endogenous Rac1 can be detected in the nucleus, as concluded from fractionation 

experiments. However, the exact location of Rac1 in the nucleus is unknown. 

Nuclear translocation of proteins occurs through the nuclear pore complex (NPC), that acts 

as a gatekeeper. While small molecules and peptides (< ~ 40kD) can pass the nuclear pore by 

diffusion, active nuclear import of protein complexes is mediated by karyopherins 18. Proteins 

with a basic, ‘classical’ NLS are imported by the karyopherins b1 and -a (also known as importin 

b and importin a). Most NLS-containing proteins bind to importin a and this complex binds to 

importin b. Once inside the nucleus, RanGTP binds to importin b and the complex dissociates 99. 

The Rac1 HVR binds at least two proteins that are associated with nucleo-cytoplasmic shuttling. 

These are karyopherin α2 (importin α-1) and the PP2A inhibitor SET/I2PP2A.

Karyopherin α2

Using a two-hybrid-based interaction screen, Sandrock and colleagues found Rac1 to bind 

directly to the armadillo protein Karyopherin α2 in a nucleotide-independent fashion 104. 

Mutational analysis showed that the interaction was specific for Rac1 over Rac2 and Rac3 and 

required the Rac1 HVR, which harbors the NLS. Interestingly, Sandrock et al. showed that 
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nuclear translocation of Rac1 required its activation, even though the binding to Karyopherin 

α2 did not 104. This suggests that the interaction is required but is not sufficient for nuclear 

import of Rac1. Moreover, siRNA-mediated loss of Karyopherin α2 blocked nuclear import and 

prevented the degradation of Rac1 that follows its activation by the E coli toxin CNF. These 

data suggest that one of the functions of the nuclear import of activated Rac1 is to promote 

its degradation, which is in good agreement with the data from Lanning et al., who previously 

showed that the Rac1 PBR is required for nuclear translocation and degradation 62 (Figure 4). 

Since nuclear import required binding of Karyopherin α2 to the Rac1 C-terminus as well as Rac1 

activity, additional factors must control nuclear accumulation of activated Rac1. These may be 

Rac1 effector domains, but could also be the (mono-)ubiquitylation of Rac1. This will require 

analysis of the nuclear targeting of the Rac1Q61-K147R mutant, an activated Rac1 mutant that 

cannot be ubiquitylated. 

Set/i2pp2a

A very abundant interactor of Rac1 is the PP2A inhibitor SET, also known as TAF1β (Template 

Activating Factor 1β) 78,105. SET is a ubiquitously expressed, versatile protein that has been 

implicated in growth of myeloid leukemias, chronic lymphocytic leukemia and non-Hodgkin 

lymphoma and is thus characterized as a proto-oncogene, inhibiting the PP2A tumor suppressor 
91,19. In addition, SET promotes granzyme B-expression in natural killer cells, thereby enhancing 

cytotoxicity 119 , inhibits granzyme A-activated DNAse 35 and plays a role in histone acetylation 

as part of the INHAT (Inhibitor of Histone AcetylTransferase) complex, thus regulating 

transcription 105. Finally, SET is a substrate for Casein Kinase II (CKII) 124 and for PI-3-kinase γ 123. 

Rac1 binds, through the PBR in the C-terminus, to the NAP (Nucleosome Assembly Protein) 

domain in SET 114. This interaction is enhanced using a SET mutant that encodes a S9E mutation, 

which was used to mimic phosphorylation of SET 114,123. In addition, this mutant of SET does no 

longer dimerize, but still binds to PP2A suggesting that phosphorylation of SET on Ser9 promotes 

monomerization, binding to Rac1 and PP2A concomitant with shuttling towards the cytoplasm. 

Using a membrane-targeted SET mutant,, we could show that increased plasma membrane 

localization of SET cooperated with active Rac1 to stimulate cell migration 114 (Figure 4). 

SET encodes a bipartite, cryptic NLS in its C-terminal portion (amino acids 168-181, 96. A 

SET mutant lacking the NLS was found to promote cell migration in a wound-healing assay (BD 

Lam, unpublished data). Although the SET-regulated pathway that promotes cell migration is 

not yet identified, it is tempting to speculate that inhibition of PP2A plays an important role. 

PP2A is a regulatory phosphatase for several kinases, implicated in cell motility, including the 

Rac1 effector PAK1. Moreover, several studies have confirmed a role for PP2A in the control 

of cell migration 93,63 Finally, proteomic analyses have identified SET in complex with a host of 

cellular proteins including the Rac/Cdc42 GEF βPIX and the Rac/Cdc42 effector PAK1 68, actin 

and dynamin-2 124 and as part of a β1-integrin-filamin complex 48.

A recent study by Switzer et al. 112 showed that a SET-binding peptide (COG112) does not 

only block the Rac1-SET interaction, but also reduces EGF-induced Rac1 activation and serum-

induced cell migration and invasion. The same COG112 peptide, an apo-lipoprotein E mimetic, 

also inhibits inflammatory responses by blocking signaling through NFkappaB, the activity of 

which is regulated, in turn, by activated Rac1 as well as by PP2A 90,108. Thus, it may well be that 
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the Rac1-SET complex outside the nucleus, in conjunction with PP2A, regulates cell motility and 

affects inflammatory responses by modulating NFkappaB activity. 

concludinG ReMaRKS
The above line-up of Rac1-interacting proteins discusses some unusual associations, but also 

reveals a few common themes. Most Rac1 C-terminal interactors identified so far are non-

enzymatic adapter proteins. Caveolin1, PACSIN2 and calmodulin all serve as ‘brakes’ on Rac1 

signaling, reducing the levels of RacGTP by different means. These proteins are also, in different 

ways, connected to membrane traffic, in good agreement with previous data that suggested 

that internalization of membrane domains is a prime event required for Rac1 inactivation 24. 

This has previously been linked mainly to Caveolin1, which controls integrin-dependent Rac1 

targeting and sustained Rac1 signalling 41. Since Caveolin1 co-localizes with Rac1 at FAs, this 

inactivation pathway may well be relevant for the pool of active Rac1 that is integrin-controlled. 

PACSIN2 is not in FAs, but is in membrane ruffles 21, suggesting that PACSIN2 is involved in 

inactivation of a different pool of active Rac1. PACSIN2 and calmodulin, but not Caveolin1, are on 

internal tubular structures, further reflecting distinct internalization and inactivation pathways. 

The association of Rac1 to FAs appears very similar to what was described for R-Ras, which 

contains a FA-targeting domain in its HVR 38. R-Ras is, like Rac1, tightly linked to integrin-

mediated adhesion, the stimulation of which requires the binding of R-Ras to SH3-domain-

containing proteins such as Nck, through the proline-rich domain in its HVR 129. Also Rac1 shows 

a number of proline-SH3 domain dependent interactions, even though the proline-rich region 

in Rac1 is an a-typical SH3 domain binding motif. Rac1 binds to Crk, CD2AP and PACSIN2 via 

their SH3 domains and also binds to the SH3 domain of β-PIX, which is one of the FA-targeting 

proteins for activated Rac1 58,17. 

Some of the proteins that bind the Rac1 C-terminus promote its downstream signalling. 

CD2AP and Nedd4 co-localize with Rac1 at cell-cell contacts in epithelial cells and appear 

to stimulate Rac1-induced cell-cell adhesion. This involves different pathways, with Nedd4 

controlling stability of the junction-inhibiting protein Dvl1 and CD2AP acting by promoting the 

remodelling of junctional F-actin through its association to CapZ 120 and its regulation of surface 

protein internalization 29. The interaction of Rac1 with the nuclear/cytoplasmic PP2A inhibitor 

SET/I2PP2A appears to be unique but also serves to amplify Rac1 signaling, since SET is a positive 

regulator of cell migration.

Protein-protein interactions through the Rac1 C-terminus were initially suggested to be 

independent from nucleotide binding, since the HVR was not considered a stable portion of 

the Rac1 3D-structure. Moreover, analysis of Rac1 in complex with RhoGDI suggested that the 

HVR is not part of the interaction surface and may be available for additional interactions with 

regulatory proteins. Yet, signalling specificity has been, in several studies, clearly linked to the 

C-terminus of RhoGTPases, both in vitro as well as in vivo 45,36,139 More recently, several studies 

have shown for Rac1 that there is a functional connection between the C-terminus and the 

effector domain in the N-terminus 74 and that some C-terminal interactions are influenced 

by nucleotide binding. This shows that the functional relevance of the C-terminal targeting 

domain in activated Rac1 lies in part in its binding to membrane domains but also in its specific 
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binding to a subset of effector proteins. The recent study by Abankwa and colleagues showed 

that the orientation of the G-domain of active Ras is determined in part by the C-terminal HVR, 

contributing to effector interactions1. This further supports the notion that the HVR in small 

GTPases is an important aspect of the overall GTPase structure. 

Finally, recent studies have highlighted that additional regulatory mechanisms, 

controlling Rac1 function, impinge on its C-terminal region. Castillo-Lluva showed that Rac1 

can be sumoylated on lysine residues in the PBR, promoting its activation and the induction 

of cell migration and invasion 15. This post-translational modification is distinct from Rac1 

ubiquitylation, which occurs on Lys147 and triggers its degradation 128. Preventing Rac1 

sumoylation did not alter its localization to membranes, nor the binding to GEFs and effector 

proteins, but did reduce GTP binding. Rac1 binding to GTP, as well as its partitioning in ‘liquid-

ordered plasma membrane domains’, is also stimulated by palmitoylation of Cys178, which is 

immediately N-terminal of the HVR 79. Moreover, a palmitoylation mutant of Rac1 cannot rescue 

the spreading and migration defects in Rac1-deficient fibroblasts, supporting the requirement 

of this modification for proper Rac1-mediated signaling towards the actin cytoskeleton.

The complexity of Rac1 regulation that is discussed here is reflected by its signaling at 

different locations in the cell. It is very likely that such complexity is not unique for Rac1, but 

is similar for other small GTPases. For some of these such as RhoA and Rap1, phosphorylation 

within the HVR has been shown, expanding the options for membrane- and effector-protein 

interactions 98,10,85. The same is true for modifications such as (mono-, di-, poly-) ubiquitylation 

and acetylation that will further expand the cells’ options to regulate the targeting, output and 

stability of active GTPases. 

As eluded to in the introduction, small GTPases are key players in cellular decision-

making following stimulatory or inhibitory events. The surprising range of options to tune 

the localization and signaling capacity of small GTPases, in addition to the surplus of GEFs and 

GAPs, presents us with an exceptional challenge to chart local GTPase signaling. Use of novel 

tools, such as dedicated biosensors 131 may eventually allow us to visualize local activation, post-

translational modifications as well as GTPase output in live cells. 
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SuMMaRy
SET/I2PP2A is a nuclear protein that was initially identified as an oncogene in human 

undifferentiated acute myeloid leukemia, fused to the nuclear porin Nup-214. In addition, SET is 

a potent inhibitior of the phosphatase PP2A. Previously, we proposed a model in which the small 

GTPase Rac1 recruits SET from the nucleus to the plasma membrane to promote cell migration. 

This event represents an entirely novel concept in the field of cell migration. Now, fluorescent 

versions of the SET protein are generated to analyse its nucleo-cytoplasmic shuttling in live 

cells. Our studies showed that under steady-state conditions a fraction of the SET protein, 

which is primarily localized in the nucleus, translocates to the cytosol in an apparently 

random fashion. SET exiting the nucleus was also seen in spreading as well as dividing cells. 

We designed an image analysis method to quantify the frequency of nuclear exit of the SET 

proteins, based on 4D confocal imaging. This straightforward method was validated by analysis 

of SET wild-type and mutant proteins. This showed that the frequency of nuclear exit of a Ser-9 

phosphomimetic mutant (S9E) is enhanced compared to wild type SET or a S9A mutant. Thus, 

we have developed a novel method to analyse the nucleo-cytoplasmic shuttling of the proto-

oncogene SET dynamics in live cells. This method will also be applicable to monitor dynamic 

localization of other nuclear and/or cytoplasmic signalling proteins.

Keywords

SET (I2PP2A), nucleo-cytoplasmic shuttling, image analysis
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intRoduction
Directional cell migration requires tight control of localized signalling by small GTPases of the 

Rho and Ras families (1-4). These GTPases act as switches and can cycle between an ‘off’-state, 

when bound to GDP, and an ‘on’ state, when bound to GTP. GDP-bound inactive RhoGTPases 

associate to a chaperone, RhoGDI (guanine nucleotide dissociation inhibitor) which is a 

cytosolic protein. GTPase activation by GEFs (Guanine Nucleotide Exchange Factors) is paralled 

by dissociation from the GDI and translocation from the cytosol to the plasma membrane where 

most, if not all, signalling occurs (5,6). Finally, internalisation of membrane domains (7), GAP 

(GTPase Activating Proteins)-stimulated GTP hydrolysis (8), as well as regulated ubiquitylation 

and degradation of active GTPases (9) serve to terminate GTPase signalling. 

Activated RhoGTPases can bind, as a result of a conformational change that involves the 

switch I and switch II regions, to effector proteins such as PAK, p21 activated kinase, that in 

turn stimulate more downstream signalling pathways (ERK, JNK, p38MAPkinase). In addition, 

Rho GTPases are known for their regulation of the dynamics of the actin cytoskeleton. 

Whereas RhoA promotes actomyosin-based contraction, CDC42 and Rac1 stimulate Arp2/3 

mediated actin polymerization in a highly localized fashion, which results in cell protrusion 

(10) In addition, RhoGTPases are known to signal to the nucleus to drive cell division and 

oncogenic transformation (11,12). Activation of nuclear signaling was originally demonstrated 

by studies on RhoA-dependent activation of the transcription factor SRF (serum-response 

factor) (13). In later studies, RhoGTPases and their regulators were found to be firmly linked to 

the regulation of tissue morphogenesis, cell proliferation and ageing as well as transformation 

and tumorigenesis (11,14).

RhoGTPases are characterized by an effector domain in the N-terminus and a hypervariable 

region in the C-terminal portion that also harbors the CAAX box, which, after post-translational 

modification, carries the lipid anchor. Focusing on the RhoGTPase Rac1, our lab has identified a 

series of interacting proteins that bind the hypervariable region and appear to act as regulators, 

rather than effectors. Among these, we previously identified the nuclear oncogene SET/I2PP2A 

(inhibitor 2 of protein phosphatase 2A) as a novel Rac1 binding protein (15). SET is a versatile 

protein implicated as a template activating factor (TAF-1) in adenovirus replication (16,17). It 

has also been identified as an inhibitor of histone acetyltransferase (INHAT (18)), an inhibitor of 

granzyme-A-activated DNAse (GAAD, (19,20)), and as a potent inhibitor of PP2A (I2PP2A (21)). 

The fusion of SET and CAN (Nup214) was originally identified as a chromosomal translocation 

(6;9) in acute myeloid leukemia (22,23). SET was found to contribute to Rac1-induced cell 

migration (15,24), likely as a result of its modulation of kinase signalling pathways. The apparent 

discrepancy of a nuclear protein implicated in Rac1 signalling at the plasma membrane was 

solved when it was found that Rac1 activity promotes nuclear exit and membrane targeting of 

the SET protein, in particular when in its phosphorylated state (15). This initial result was based 

on analysis of SET localization in fixed cells, in the presence or absence of Rac1 mutant proteins. 

Since previous detection of SET translocation were based on end-point assays, we wished 

to chart SET translocation dynamics in live cells over prolonged periods of time. We therefore 

performed extensive live-cell imaging studies recording spontaneous nucleo-cytoplasmic 

shuttling of YFP-tagged SET wild type and -mutant proteins during overnight imaging 
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experiments. In addition to recording this translocation by taking Z-stacks in time (4D imaging), 

we aimed to quantify the translocation behaviour of SET. However, current image analysis 

methods, for instance aimed at intensity fluctations of nuclear protein expression (25), do not 

readily allow the extraction of quantitative data on nucleo-cytoplasmic shuttling. We therefore 

developed and validated a novel image analysis protocol to analyse SET nucleo-cytoplasmic 

shuttling in a quantitative fashion in live cells. 

MateRialS and MethodS
cell culture and transfection

HeLa cells were maintained at 37°C and 5% CO2 in Iscove’s Modified Dulbecco’s Medium 

(IMDM, Gibco) enriched with 10% heat inactivated Fetal Calf Serum (FCS, Life Technologies, 

Breda, The Netherlands) and 100 U/mL penicillin and streptomycin. Cells were passed by 

trypsinization. Where indicated, cells were allowed to adhere to glass coverslips that were 

coated with 10µg/ml fibronectin (Sigma) in PBS for 1 h 37°C and washed, prior to cell seeding. 

HeLa cells were transfected using TransIT®-LT1 Transfection Reagent (Mirus Bio) according 

to the manufacturers’ recommendations (ratio TransIT:DNA = 3:1), and allowed to produce 

protein for at least 24 hours. 

expression constructs

SET-mutants were cloned from the myc-tagged vector variants, described previously (15), into 

the pEYFP(C1) vector, using BamHI and EcoRI restriction enzymes. The sequence was checked 

using forward primer: 5’-GAGATCGAATTCTTCGGCGCAGGCGGCCA-3’ (Tm=58°C) annealing 

in SET, and reverse primer: 5’-CTACAAATGTGGTATGGC-3’ (Tm=52°C) annealing in YFP. H2B-

mCherry was obtained from AddGene (Plasmid 20972) and included in the experiments as a 

nuclear marker. H2B is, like SET, a DNA binding protein and the distribution in the nucleus of the 

two proteins is similar, allowing proper comparison of the images (26,27).

pull-down assay

Peptides were synthesized on a peptide synthesizer (Syro II) using Fmoc solid phase chemistry 

at the peptide synthesis facility of the Netherlands Cancer Institute. Peptides encoded a 

biotinylated protein transduction domain (Biotin-YARAAARQARAG) followed by the 10 amino 

acids proceeding the CAAX domain of the indicated RhoGTPase peptides. The control peptide 

(ctrl) is the biotinylated protein transduction domain. Peptide pull-downs were performed 

as described previously (28). In short: cells were lysed in NP-40 lysis buffer (50mM TRIS/HCl 

pH 7.5, 100mM NaCl, 10mM MgCl2, 10% glycerol and 1% NP40) supplemented with protease 

inhibitors (Complete mini EDTA, Roche, Almere, The Netherlands), centrifuged at 14.000 

rpm for 10 minutes at 4°C. The supernatant was then incubated with the indicated RhoGTPase 

C-terminal peptides (5 µg) in the presence of excess streptavidin-coated beads (Sigma) at 4°C 

for 1 hour while rotating. After washing the beads with NP-40 buffer, proteins were eluted by 

boiling in SDS-sample buffer and analysed by SDS-PAGE and western blotting.
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SdS-page and Western Blotting

Cells were washed with PBS (supplemented with 1mM CaCl 
2
 and MgCl

2
) and subsequently 

lysed in NP40 buffer (comprising 50 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl
2
, 10% glycerol 

and 1% NP-40). Lysates were taken up in SDS sample buffer and ran on a 12% polyacrylamide 

gel. Subsequently, proteins were transferred to a nitrocellulose membrane (Whatman) using 

a BioRad blotting system at 100V for 1hour. The blot was blocked with 5% milk powder (ELK, 

Campina) in TBST (Tris-Buffered Saline Tween-20) and the SET protein was detected using 

Goat-anti-I2PP2A antibody (Santa Cruz SC-5655) or Mouse-anti-GFP (Clontech 632381). Next, 

the blots were washed 3 times for 10 minutes in TBST and subsequently incubated with HRP-

coupled secondary antibodies (Pierce, dilution 1:5000) in TBST for 1 hour at RT. Finally, blots 

were washed 3 times with TBST for 20 minutes each and subsequently developed by ECL (GE 

Healthcare, Hoevelaken, The Netherlands). 

imaging, processing and data analysis

The fusion protein YFP-SET was expressed in HeLa cells by transfection, followed by overnight 

imaging in a 24-wells glass bottom plate (Zell Kontakt). Microscopic images were taken by a 

Zeiss LSM 510 confocal microscope, connected to a Zeiss Axiovert 200 microscope body with 

a Zeiss EC Plan-Neofluar 40x/1.3 Oil DIC objective. To excite YFP, the 514 nm line from an argon 

laser was used. Z-stacks consisting of five images (512x512 pixels) were taken at several locations 

(FOVs) within the well at five-minute intervals for a period of 15 hours, using the Multiple Time 

Series plug-in for the Zeiss LSM software ZEN 2008. Afterwards the images were processed and 

analysed using ImageJ v1.44f (29,30). For each condition, six fields of view (FOV) were analysed. 

The exit events per FOV were summed and corrected for the number of cells (approximately 

5-10 ROIs/cells per FOV), so the averages per cell as indicated in the figure are from six replicates. 

Data clearance and processing was done using Microsoft Excel 2002. Statistical testing was 

done using GraphPad Prism 4. Figures were assembled using Adobe Photoshop CS4.

We measured the mean gray value (MGV) of the nuclear signal before (MGV
before

) and 

after (MGV
after

) an exit event in cells where the nuclear signal is not saturated. The ratio 

MGV
after

:MGV
before

 is a measure for the percentage of the signal that remains in the nucleus. 

1-(MGV
after

/MGV
before

) is then the percentage of SET that exits the nucleus.

ReSultS
Set-Rac1 binding

To allow analysis of SET/I2PP2A nucleo-cytoplasmic shuttling in live cells, fusion proteins of 

SET and SET mutants with YFP were generated. These proteins were all expressed to equal 

levels in HeLa cells (Figure 1A). We previously showed using fixed-cell assays that Rac1 activity 

enhanced the cytoplasmic localization of wild-type SET. In addition, we have shown that 

SET, in which Ser residue at position 9 is mutated to glutamic acid to mimic phosphorylation, 

promotes its accumulation in the cytoplasm, as compared to wild-type SET or a S9A mutant 

(15). To test whether SET phosphorylation would affect its capacity to bind to the hypervariable 

C-terminus of Rac1, YFP-fusion proteins of wild type (wt) SET, of a mutant SET(A9) that cannot 

be phosphorylated and the phosphomimetic mutant SET(E9) were expressed. By means of 
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a pull-down assay the binding to these proteins to the Rac1 C-terminus was tested. The data 

show that YFP-SETwt as well as YFP-SET(A9) and YFP-SET(E9) all bind equally well to the Rac1 

C-terminus (Figure 1A) suggesting that SET phosphorylation does not affect Rac1 binding. 

Binding to the ctrl peptide was minimal, demonstrating the specificity of the interaction, in line 

with our earlier findings (15)

To document SET translocation from the nucleus to the cytosol in live cells, we co-transfected 

with YFP-SET with mCherry-Histone 2B (as a nuclear marker) and imaged the transfected cells 

overnight with a time interval of 5 minutes. Under these conditions, the localisation of YFP-SET 

is primarily nuclear, colocalizing with mCherry-H2B (Figure 1B). However, at random moments, 

a portion of the SET protein was found to exit the nucleus towards the cytoplasm in a seemingly 

spontaneous fashion. The fraction of the nuclear SET protein exiting ranged from 19-80% and 

averaged 38.7 + 6.1 % (mean + SEM , n=11). Typical still images from one of the movies are shown 

with the arrow marking the exit events (Figure 1B, Supplemental movie S1). The analysis also 

shows that SET exiting the nucleus is not a rapidly reversible event and the translocated portion 

of the SET protein remained cytoplasmic for >15 hours (see also below). 

It is unclear what signal triggers SET translocation towards the cytoplasm in resting cells. In 

spontaneously dividing cells, it was found that SET exits the nucleus when the cells round up, 

fiGuRe 1. Rac1 binding and nucleocytoplasmic shuttling of yfp-Set.(A) Binding of YFP-SET proteins to 
the Rac1 C-terminus. HeLa cells were transfected with wild-type (wt) SET or its E9 or A9 mutants fused 
to YFP. Binding to the Rac1-C-terminal peptide was assayed in lysates from transfected cells. The protein 
transduction domain (Ctrl) was included as negative control (see also Materials and methods). Data show 
that the YFP-SET wt and mutant proteins all bind equally well to the Rac1 peptide and show little to no 
binding to the ctrl peptide. TCL, Total Cell Lysate. (B) A typical example of SET localisation and exiting 
from the nucleus, as compared to the nuclear marker H2B, fused to mCherry. The top row shows the 
localisation of YFP-SET wt, of which a portion exits the nucleus (arrow) The lower row of panels show the 
corresponding H2B-mCherry signal, which is nuclear but fluctuates in its signal intensity and distribution. 
Insets show one of the four cells (ROIs) within the field of view (FOV). Time (T) is in hours. Scale bar, 50µm.
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possibly because the nuclear membrane is broken down during mitosis (Figure 2A). After cell 

division SET exiting the nucleus is again seen in one of the two daughter cells, in parallel with 

the post-division cell spreading (Supplemental movies 2 and 3). In the other cell, SET remains 

nuclear indicating that the translocation event is transient and reversible and not the result of 

an artefactual loss of nuclear membrane integrity.

In our previous work, it was found that expression of an activated version of Rac1 promotes 

nuclear exit of SET (15). To test if specific conditions during which Rac1 is activated, can promote 

SET translocation, YFP-SET expressing cells were seeded on fibronectin-coated coverslips in 

order to activate Rac1 (31) and SET localization was monitored. These experiments showed that 

SET indeed translocates from the nucleus to the cytoplasm during the initial spreading phase 

(Figure 2B). This is also in line with the exit of SET observed after cell division, when the divided 

cells spread again. In summary, SET shows nucleocytoplasmic shuttling in a random fashion 

fiGuRe 2. yfp-Set shuttling in cell spreading and cell division (a) Set translocation from the nucleus to 
the cytoplasm before and after cell division (arrows indicate nuclear exit). Scale bar, 50µm. (B) Live-cell 
imaging of HeLa cells spreading on fibronectin. During cell spreading, a fraction of YFP-SET translocates 
from the nucleus to the cytoplasm (arrows indicate nuclear exit). The lower panels depict images which 
are background substracted, contrast-stretched and where bins are shown in colours, corresponding to 
the indicated lookup table (LUT). 
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in resting cells. In addition, both cell spreading on fibronectin as well as spreading after cell 

division are accompanied by SET exiting the nucleus, correlating with Rac1 activation. 

4d image analysis and quantification 

The above analysis, as well as our initial studies regarding SET translocation, was based on 

the imaging of fixed (15) and live cells (Figure 1, 2) in the absence of any quantification of the 

translocation event. In an attempt to design a method to quantify SET translocation frequency, 

a method was developed, based on 4-D image analysis obtained by confocal imaging for 

prolonged periods of up to 16-18 hours. 

The flow-diagram of the image analysis procedure is depicted in Figure 3 using one of the 

time-lapse movies of spontaneous SET translocation as an example. Cells were transfected 

with YFP-SET and imaged on a Zeiss LSM confocal system, equipped with a chamber in 

which humidified air (5% CO2, 37°C) was circulating, creating a stable and even distribution 

of temperature for the duration of the experiment. Anticipating a slight focal drift during the 

assay, five slightly overlapping confocal images along the z-axis were taken (optical slice of 3µm 

and a total depth of 12µm) at every timepoint, thus creating a 4D imaging file (Figure 3A). 

The first step is the splitting of the multichannel z-stacks for each channel, in most 

experiments comprising the YFP-SET and the mCherry H2B (Figure 3A). Subsequently, we 

generated a maximum intensity projection of the confocal z-slices for each timepoint to 

convert the 4D image series back to a ‘2,5 D’ image series (x,y,t) (Figure 3B). Next, Gaussian 

blurring is used to remove the noise and an automatic triangle threshold method is applied 

(32-34). This triangle method finds the maximal distance between the histogram and a line 

between the highest peak and the lowest value in the histogram (Figure 3C). The threshold is 

set on the intercept of this maximal distance line and the x-axis of the histogram (i.e. the split 

point). As the procedure uses the minimal and maximum values in the histogram, a background 

subtraction and linear contrast stretch are not required. This part of the procedure results in a 

stack of thresholded images (Figure 3D) 

During most recordings, the cells show a drift in x or y direction that precludes direct extraction 

of data from a Region of Interest (ROI), defined at the start of the image acquisition. In addition, 

cells at the periphery of the image tended to either move in or out the field of view, thus giving 

rise to potential artefacts. To solve these problems, the image stacks are led into a translation 

and rotation procedure (rigid body transformation). The rigid body transformation is an existing 

algorithm that is used to align MRI-scans (35). Figure 3E shows a side view of an extreme example 

of cells drifting in the x-y plane over time. The first and last slices are indicated by arrows 1 and 2 

respectively and the corresponding images are shown below the graph and are indicated E1 and 

E2. After applying the rigid body transformation, the drift is corrected (Figure 3F). Images of the 

first and the corrected last plane (arrows 3 and 4, respectively) are included as Figure F3 and F4. 

After alignment, several ROIs are selected from each field of view (FOV) with one single cell 

per ROI. Cells that move out of the field of view are not included in the analysis, because the 

area of analysis becomes smaller in time as a result of cellular movement, without being related 

to SET distribution (crossed out in Figure 3F). Cells that went through cell division during the 

experiment are also not included in the analysis, as a second nucleus in a FOV would give rise to 

a doubling of the area measured. 
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FIGURE 3. The image processing and analysis. The image processing procedure starts with splitting 
the multichannel z-stacks per channel (A) followed by the generation of maximum intensity 
projections (B). (C,D) Each image in the time-series is Gaussian blurred and thresholded according 
to the triangle algorithm. The triangle method first searches for the maximum of the histogram 
(C,1), draws a straight line between this maximum and the maximum pixel value (C,2). It next finds 
the maximal perpendicular distance between a point on this line and the histogram itself (C,3). The 
bit value of the histogram at the point of maximal distance is the splitpoint (threshold, C,4). The 
thresholded image is depicted in D. Scale bar, 50µm. (E,F) Next, stacked images are rotated and 
translated using the StackReg plugin designed for ImageJ (35). The slices at the arrows in Figure 3E 
and F are shown as xy-planes in panels marked E1, E2, F3 and F4 respectively. (G) Subsequently, several 
regions of interest (ROIs) are selected from each field of view (FOV) and the area occupied by each 
object in a ROI is quantified using ImageJ and the data is transferred to GraphPad Prism. (H) After 
manual curation (see text) the size of the area is plotted against time and the finite difference of the 
area is calculated and plotted (I). Changes in occupied surface area above a threshold (defined using 
H2B-Cherry, dotted line in I) are counted as nuclear exit events. (J) For each FOV, the exit events are 
summed, and the averages of six FOV per condition are calculated and plotted. 
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Single frames from four different regions of the cells in Figure 3D are shown in Figure 3G. The 

area of each ROI is quantified as a function of time, using ImageJ 1.44f (Figure 3H). In addition to 

the measurement of the area occupied by YFP-SET, the center of mass is tracked and the slice 

number is added to each measurement in a separate column. At this stage, objects smaller than 

100 pixels are discarded, to filter out signal from, e.g., cellular debris. In this step it is still possible 

that multiple objects are captured in one ROI, due to movement of other cells into the field of 

measurement. This is solved by drawing the wide-margin ROI around the object (i.e. the cell) of 

interest and discarding the objects that have pixels touching the border of the ROI. If there are any 

additional objects left, the largest area is manually selected for further analysis after data transfer.

The collected data is transferred to GraphPad Prism, in which duplicate measurements are 

selected manually. The largest area of YFP-SET per slice was chosen for further analysis. This 

selection of the data is required to prevent an overestimation of exit events later on in the 

analysis. Finally, the measured YFP-SET area (in absolute number of pixels) of a single cell is 

plotted against time, as a function of the time interval between slices, as depicted in Figure 3H.

To quantify SET nuclear exit events, the difference quotient of the area plot is calculated 

using the formula below in which A is the area, t is time and s is the slice number of the stack.

  

In this way, the difference between two consecutive time points is calculated for each time 

point in every ROI (Figure 3I). Based on the signal of mCherry-H2B included as an internal 

control for the image acquisition, a difference larger than an arbitrarily set threshold, for which 

the fluctuations in the H2B signal were used (see below), is classified as an exit event (the 

dotted line in Figure 3I). These fluctuations in the H2B signal arise from the fact that cells do 

move and to a certain extent change shape in the course of the experiment. As a result, also the 

nucleus changes shape, giving rise to small fluctuations in the recordings. Finally, the number 

of exit events of YFP-tagged SET per FOV are summed and represented in a bar graph (Figure 

3J). Since an exit event involves only a fraction of the expressed SET protein that resides in the 

nucleus, it is possible to record multiple consecutive exit events. 

Having established the above method for quantification of SET nuclear exit and its 

translocation to the cytoplasm, the method was applied to a series of 4D recordings of YFP-SET 

wt, co-expressed with the nuclear marker mCherry-H2B, in which nuclear exit of SET had been 

observed. Figures 4A and 4B represent the area analysis of the mCherry H2B and the YFP-SET-wt 

in the same cell, recorded for a period of over 20 hours. A second example is shown in Figure 4C 

and 4D. In these examples, it is clear that whereas the SET protein shows a large rise in occupied 

area corresponding to its exit from the nucleus, the H2B protein shows no dramatic change in 

occupied area and remains confined to the nucleus. The temporal fluctuations in area occupied 

by H2B or SET proteins are represented as the finite difference of the area in the corresponding 

right panels. The H2B trace in Figure 4A shows some increase, but this fluctuation did not 

exceed 1000 pixels. This value was therefore chosen as an arbitrary limit above which a nuclear 

exit event was counted. Using this threshold for the SET-transfected cells, one peak in Figure 
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4B and three peaks in Figure 4D were counted as individual exit events (marked by arrows). The 

graph of Figure 4B corresponds to the cell which is depicted in the inset of Figure 1B. See also 

corresponding supplemental movie 1.

Finally, the method was validated by analysing the distribution and translocation of 

YFP-SET wt and comparing this with the phosphodeficient YFP-SET-A9 and phosphomimetic 

YFP-SET-E9 mutants. Previous, fixed-cell assays had indicated that SET phosphorylation might 

promote nuclear exit, based on the analysis of cells transfected with the A9 and E9 mutants 

(15). The time-lapse analysis for these SET mutants was repeated at least three times, with true 

duplicates for each experimental condition. This resulted in six independent experiments for 

each condition (WT, A9 and E9) that were used to calculate an average figure representing 

the number of SET nuclear exit events per FOV per experimental condition (Figure 5). The 

phosphomimetic mutant (E9) showed a significantly higher frequency of exit events (about 3-4 

fold) as compared to the wild type SET protein The non-phosphorylatable mutant (S9A) shows 

no significantly different number of exit events compared to the wt SET. 

In conclusion, we have analysed nucleo-cytoplasmic shuttling of the proto-oncogene SET 

and have developed a method that allows quantification of 4D live-cell imaging in an unbiased 

fashion. The method was validated using the established SET mutants and will be applicable not 

only for future studies on the regulation of SET nucleo-cytoplasmic shuttling but also for the 

analysis of other proteins that shuttle between the nucleus and the cytoplasm. 

diScuSSion 
The current study presents a method to analyse, in an objective and quantitative fashion, the 

nucleo-cytoplasmic shuttling of the phosphatase inhibitor SET/I2PP2A. SET is a ubiquitously 

expressed oncogene that localizes to the nucleus as well as to the cytosol (19,36) of different 

cell types. The two known SET isoforms (SET A and SET B) are members of the nucleosome 

assembly protein (NAP) family. The SET NAP domain is flanked by an N-terminal region 

containing regulatory phosphorylation sites, and a C-terminal acidic region (37). We recently 

found that the small GTPase Rac1 binds to SET, a finding that was recently confirmed by another 

laboratory (24). Rac1 requires its hypervariable region to bind to the NAP domain in SET (15). 

Moreover, SET, as well as its target PP2A, have also been detected in a proteomic screen for 

proteins associating to a signalling module comprising PAK1- (p21 Activated Kinase, a Rac1 

effector protein) and βPIX- (a Rac1 activator) (38). Thus there are several indications that SET is 

linked to Rac1 signalling. Since we previously found that Rac1 activity promoted accumulation 

in the cytosol and that SET phoshorylation on Ser 9 is required for this to occur, a method was 

developed to analyse the dynamics of SET translocation in live cells.

After having confirmed that YFP-tagged SET (wt and Ser 9 mutants) binds with equal 

efficiency to Rac1, SET localisation was monitored in live-cell experiments. It was found that 

in resting cells, monitored for prolonged periods of time (up to 20 h), a fraction of the nuclear 

wt SET protein seemingly spontaneously translocates from the nucleus to the cytosol. We have 

also observed in cells that were co-transfected with YFP-SET and CFP-Rac1G12V, that upon 

spontaneous translocation of SET, the pool of Rac1 that resided in the nucleus, also translocated 

to the cytosol (data not shown). These findings will be elaborated on in a forthcoming 
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fiGuRe 4. analysis of spontaneous Set nucleo-cytoplasmic shutting (a) analysis of mcherry-h2B 
fluorescence area and corresponding finite difference as a function of time for one region of interest 
(Roi, i.e. one cell). A limit of difference area value of 1000 is indicated by the dashed line, (based on the 
maximal fluctuation in the H2B-mCherry signal in this experiment, H2B diff). (B) Corresponding traces 
of YFP-SET of the same cell as in A. In this cell, one exit event is recorded (arrow). (C) The H2B plot for a 
second ROI (i.e. cell). (D) Traces of YFP-SET corresponding to the H2B traces in (C). In this cell, three exit-
events (arrows) are recorded.
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manuscript. In non-dividing cells, the increased cytoplasmic YFP-SET signal remained stable 

over periods of hours indicating that the translocated proteins did not readily shuttle back to 

the nucleus. The number of such exit events under resting conditions varied per cell and did 

not appear to correlate with any specific morphological event. To quantify this behaviour, a 

method for image analysis was designed that would allow us to better describe the nucleo-

cytoplasmic shuttling of SET. 

The method we developed is based on 4D fluorescent imaging of live cells, followed by an 

image analysis procedure in which reduction of the background, corrections for drift in X, Y and 

Z directions and selecting ROIs containing single cells are the key first steps. Next, changes in 

the area covered by the YFP-SET signal over time are measured, followed by the introduction 

of an area limit which defines a nuclear exit event and which is based on signal fluctations 

of the co-transfected H2B protein, included as a nuclear marker. The procedure thus allows 

quantification of the number of occasions (‘exit events’) during which a significant portion of 

nuclear SET enters the cytoplasm. 

The results show that the method is straightforward and could be validated. It can be seen in 

the various movies that, whereas the signal for the H2B protein (Figure 4 A, C) does show some 

fluctations as a result of morphological changes of the nucleus, these are clearly distinct from 

the nuclear exit of a portion of SET, which diffuses readily through the cytosol. As a result, the 

H2B protein can be used to set an arbitary threshold which discriminates nuclear translocation 

from morphology-induced fluctuations in the occupied area. 

Despite the fact that many proteins are known to shuttle between the cytosol and the 

nucleus and vice versa, there are only a few methods designed to analyse this in live-cell 

recordings. Nuclear translocation is usually imaged using fixed cells and quantified by visual 

inspection or using an intensity profile along the nucleus and cytosol (39). Alternatively, live-cell 

imaging has been used, and quantification of protein dynamics has been performed using FRAP 

studies, such as for beta-catenin (40). This method is useful for continuously shuttling proteins 

but less amenable to spontaneous shuttling as studied here. Recently, a method was published 

fiGuRe 5. frequency of exit in Set mutants. The different SET proteins, WT, YFP-SET E9, YFP-SET Ser9 
and YFP-SET-A9 were expressed in Hela cells and SET localisation was were recorded by 4D imaging. 
Nucleo-cytoplasmic shuttling of YFP-SET proteins was documented over a 20 hour period and images 
were processed by the method detailed in Figure 3. On the Y-axis, the normalised number of exit events is 
shown, relative to the YFP-SET wt protein, which is set at 100%.Student’s t-test was performed between two 
of three conditions;the difference of SET(S9E) with SET(WT) was significant in the 95% confidence interval.
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which measures the signal intensity of a nuclear oscillator protein in time-lapse microscopic 

images within the confined region of the nucleus (25). This method could perhaps also be used 

to quantify nuclear transport. For this, the procedure would have to be adjusted to measure 

the entire cell including the nuclei. By plotting the ratio between nuclear and cellular signal 

intensity, comparable graphs can be extracted from the recordings similar to our method. But 

also here, the setting of a threshold which defines nuclear exit is required. In addition, definition 

of the cells’ entire surface using a putative cytosolic marker may not be trivial.

In addition, a more general tracking method was published recently by Padfield et al. (41). 

This method is mainly used for analysis of high-throughput experiments, but might turn out 

to be useful in other applications as well, because it tracks complex behaviour such as mitosis, 

cell movement, and the entering and exiting the field of view. In addition, the method is able 

to measure and correct for microscope defocusing and stage shift, which is very useful. Other 

methods to analyse spatio-temporal signalling events include FRAP (Fluorescence Recovery 

After Photobleaching) and kinetic analysis, but those techniques are more suitable for the 

analysis of nuclear protein dynamics; for example the dynamics of polymerases, transcription 

factors and histones, as reviewed in (42). Those methods are not readily applicable for the 

analysis of nuclear export or -import. In conclusion, the current method is a straightforward 

procedure to quantify the dynamics of nucleo-cytoplasmic shuttling of fluorescently tagged 

proteins in living cells.

Finally, our image analysis procedure was validated using time-lapse recordings of wtSET 

and the A9 and E9 mutants. In agreement with our earlier findings, the E9 mutant showed 

a relatively high number of nuclear exit events, up to seven per cell over a ten hour period. 

The A9 and wt SET proteins remained mostly nuclear, in line with earlier findings. This data 

therefore shows that the method provides similar data for SET translocation in live cells as 

obtained using fixed cells, and adds additional relevant information regarding the number of 

nuclear exit events and the duration of the translocation. Current studies in our lab involve the 

use of this method to study the induction of SET nucleo-cytoplasmic shuttling by extracellular 

agonists. Since there are as yet few methods to quantify shuttling of protein to and from the 

nucleus in live cells, we propose that this method is not specific for SET and may well be used 

for the analysis of other proteins that show induced or spontaneous translocation between the 

nucleus and the cytosol. 
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aBStRact 
The proto-oncogene SET/I2PP2A, an inhibitor of the phosphatase PP2A, interacts with the 

RhoGTPase Rac1 and regulates cell motility. SET has recently been identified as a potential 

therapeutic target for cancer. SET is primarily nuclear but can readily translocate to the 

cytoplasm. Here, we investigated this translocation in more detail.

We made use of an image analysis method to analyse nucleo-cytoplasmic shuttling of 

YFP-SET in a quantitative fashion. This translocation occurs in repetitive events in a seemingly 

random fashion. We found that Rac1 activity increases the frequency but not the qualitative 

nature of these nuclear exit events of SET. In search for cellular activators that could induce 

SET nuclear exit, we found FTY720 (fingolimod), an immunomodulator and activator of PP2A, 

to rapidly induce translocation of SET from the nucleus to the cytoplasm. In co-transfection 

experiments, we found that the nuclear pool of Rac1 translocates simultaneously with SET from 

the nucleus, both during spontaneous as well as FTY720-induced translocation. Following 

FTY720-induced translocation of SET, the protein accumulates in cytoplasmic aggregates of 

unknown nature. Finally, FTY720-induced nuclear exit is dependent on the nuclear exporter 

CRM1, on PP2A activity as well as on microtubule dynamics. 

These results show that the immunomodulator and PP2A activator, FTY720, induces rapid 

nucleo-cytoplasmic shuttling of the proto-oncogene and PP2A inhibitor SET. This suggests that 

SET translocation is part of a negative feedback loop. This data may be relevant to the potential 

use of FTY720 in the treatment of leukemias and inflammatory disorders. 

Keywords

FTY720; I2PP2A; Rac1; nucleo-cytoplasmic shuttling 
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intRoduction
Cell adhesion and migration are dependent on tightly coordinated dynamics of both the actin 

and the microtubule cytoskeleton. Small GTPases of the Rho family (37,44), acting through 

a range of effector proteins, are central regulators of cytoskeletal dynamics. Rho GTPases 

act as switches and can cycle between an ‘off’-state, when bound to GDP, and an ‘on’ state, 

when bound to GTP. GDP-bound inactive RhoGTPases associate to a chaperone, RhoGDI 

(guanine nucleotide dissociation inhibitor) which is a cytosolic protein. GTPase activation 

by GEFs (Guanine Nucleotide Exchange Factors) is paralled by dissociation from the GDI and 

translocation from the cytosol to the plasma membrane where most, if not all, signalling occurs 

(4, 47). Finally, internalisation of membrane domains (8), GAP (GTPase Activating Proteins)-

stimulated GTP hydrolysis (3), as well as regulated ubiquitylation and degradation of active 

GTPases (33) serve to terminate GTPase signalling. 

Activated Rho GTPases can bind, as a result of a conformational change that involves 

the switch I and switch II regions, to effector proteins such as the Rac/Cdc42 effector p21 

activated kinase (PAK), the WASP/WAVE family of proteins that activate the Arp2/3 complex 

and proteins such as mDia, which is activated by RhoA. RhoA-mediated, actomyosin-based 

contraction stimulates, in conjunction with CDC42 and Rac1 stimulated Arp2/3-dependent actin 

polymerization, cell polarity and migration in a highly localized fashion (14). In concert with 

these events, the MT cytoskeleton controls cell polarity and protrusion due to its coordination 

of vesicle transport and membrane turnover (13; 40). 

In addition to feeding into the cytoskeleton, RhoGTPases are known to signal to the nucleus 

to drive cell division and oncogenic transformation (35; 52). Activation of nuclear signaling was 

originally demonstrated by studies on RhoA-dependent activation of the transcription factor 

SRF (serum-response factor) (15). In later studies, RhoGTPases and their regulators were found 

to be firmly linked to the regulation of tissue morphogenesis, cell proliferation and ageing as 

well as transformation and tumorigenesis (12; 35).

RhoGTPases are characterized by an effector domain in the N-terminus and a hyper-

variable region in the C-terminal portion that also harbours the CAAX box, which, after post-

translational modification, carries the lipid anchor. Focusing on the RhoGTPase Rac1, our lab has 

identified a series of interacting proteins that bind its hypervariable region and appear to act 

as regulators, rather than effectors. These novel Rac1 interactors include the RacGEF b-PIX (16), 

which contributes to Rac1 targeting to focal adhesions (FAs) and the peripheral membrane, 

the adapter protein CD2AP which plays a role in the control of cell-cell contacts (45) and the 

membrane-associated adapter proteins Caveolin-1, which regulates Rac1 poly-ubiquitylation 

and degradation (32; 33) and PACSIN2, which regulates Rac1 inactivation (7) In addition, we 

previously identified the nuclear oncogene SET/I2PP2A (inhibitor 2 of protein phosphatase 2A) 

as a novel Rac1 binding protein (43). 

SET is a versatile protein implicated as a template activating factor (TAF-1) in adenovirus 

replication (25; 31). It has also been identified as an inhibitor of histone acetyltransferase 

(INHAT (41)), an inhibitor of granzyme-A-activated DNAse (GAAD, (2; 10)), and as a potent 

inhibitor of PP2A (I2PP2A (22)). The fusion of SET and CAN (Nup214) was originally identified 

as a chromosomal translocation (6;9) in acute myeloid leukemia (49; 50). SET was found to 
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contribute to Rac1-induced cell migration (42; 43), possibly as a result of its PP2A-mediated 

modulation of kinase signalling pathways. The apparent discrepancy of a nuclear protein 

implicated in Rac1 signalling at the plasma membrane was solved when it was found that Rac1 

activity promotes nuclear exit and membrane targeting of the SET protein, in particular when in 

its phosphorylated state (43). This initial result was based on analysis of SET localization in fixed 

cells, in the presence or absence of Rac1 mutant proteins. 

We previously generated fluorescent fusions of the SET protein to analyse the dynamics 

and regulation of its nucleo-cytoplasmic shuttling in live cells. Initial studies showed that 

during steady-state culture, the protein, which is primarily nuclear, can translocate seemingly 

spontaneous to the cytosol. We have also seen SET shuttling in spreading as well as dividing 

cells, although the intrinsic trigger is unknown. We developed an image analysis protocol to 

quantify nuclear exit of SET (17) and we here used this approach to investigate the nucleo-

cytoplasmic shuttling of SET in more detail. 

In search for an external agonist that would induce nuclear exit of SET, we found that the 

PP2A-regulating immunosuppressant and chemo-attractant FTY720 (Fingolimod) is able to 

recruit SET from the nucleus to the cytosol. This translocation is paralleled by the nucleo-

cytoplasmic shuttling of Rac1, which is also partially residing in the nucleus. The FTY720-induced 

translocation of SET is very robust, occurs within minutes and drives SET into cyotoplasmic 

aggregates. FTY720, once phosphorylated, activates sphingosine-1-phosphate receptors. 

However, our data indicate that this effect of FTY720 is independent of a surface receptor, but 

requires PP2A. These findings provide a potential link between the proto-oncogene SET and 

the regulation of immune function and leukemia by FTY720. 

MateRialS and MethodS 
cell culture and transfection

HeLa cells were maintained at 37°C and 5% CO2 in Iscove’s Modified Dulbecco’s Medium 

(IMDM, Gibco) enriched with 10% heat inactivated Fetal Calf Serum (FCS, Life Technologies, 

Breda, The Netherlands) and 100 U/mL penicillin and streptomycin. Cells were passed by 

trypsinization. HeLa cells were transfected using TransIT®-LT1 Transfection Reagent (Mirus 

Bio) according to the manufacturers’ recommendations (ratio TransIT:DNA = 3:1), and allowed 

to express protein for at least 24 hours. Because prolonged expression (>2-3 days) of SET is 

not well tolerated by transfected cells, the experiments were performed within less than 30 

hrs after transfection. We previously found that SET exited the nucleus after cell division. 

To prevent misinterpretation of the mechanisms of SET nucleo-cytoplasmic shuttling, we 

excluded dividing cells from the current analysis.

drugs and compounds

FTY720 was obtained from Calbiochem (344597), Leptomycin B from LC Laboratories (L-6100) 

(53), S1P from Sigma (S9666), SEW 2871 from Cayman chemicals (10006440), Okadaic acid from 

Calbiochem (459620), DDF (1,9-Dideoxyforskolin) was from Sigma (D3658), pFTY from Cayman 

chemicals (10006408) and lysotracker from Molecular Probes L7528.
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expression constructs

SET-mutants were cloned from the myc-tagged vector variants, described previously (43), into 

the pEYFP(C1) vector, using BamHI and EcoRI restriction enzymes. The sequence was checked 

using a forward primer: 5’-GAGATCGAATTCTTCGGCGCAGGCGGCCA-3’ (Tm=58°C) annealing 

in SET, and a reverse primer: 5’-CTACAAATGTGGTATGGC-3’ (Tm=52°C) annealing in YFP. Rac1 

and mutants were cloned into an mCherry(C1) vector (7; 32). H2B-mCherry was obtained from 

AddGene (Plasmid 20972) and included in the experiments as a nuclear marker. RFP-LC3 and 

RFP-Ub were a kind gift of Eric Reits (Academic Medical Center, Amsterdam)

pull-down assay

Peptides were synthesized on a peptide synthesizer (Syro II) using FMOC solid phase chemistry 

at the peptide synthesis facility of the Netherlands Cancer Institute. Peptides encoded a 

biotinylated protein transduction domain (Biotin-YARAAARQARAG) followed by the 10 amino 

acids proceeding the CAAX domain of the indicated RhoGTPase peptides. Peptide pull-downs 

were performed as described previously (16). In short: cells were lysed in NP-40 lysis buffer 

(50mM TRIS/HCl pH 7.5, 100mM NaCl, 10mM MgCl2, 10% glycerol and 1% NP40) supplemented 

with protease inhibitors (Complete mini EDTA, Roche, Almere, The Netherlands), centrifuged 

at 14.000 rpm for 10 minutes at 4°C. The supernatant was then incubated with the indicated 

RhoGTPase C-terminal peptides (5 µg) in the presence of excess streptavidin-coated beads 

(Sigma) at 4°C for 1 hour while rotating. After washing the beads with NP-40 buffer, proteins 

were eluted by boiling in SDS-sample buffer and analysed by SDS-PAGE and Western Blotting.

SdS-page and Western Blotting

Cells were washed with PBS (supplemented with 1mM CaCl 
2
 and MgCl

2
) and subsequently lysed 

in NP40 buffer (comprising 50 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl
2
, 10% glycerol and 

1% NP-40). Lysates were taken up in SDS sample buffer and ran on a 12% polyacrylamide gel. 

Subsequently, proteins were transferred to a nitrocellulose membrane (Whatman) using the 

Invitrogen iBlot system at 15V for 7 minutes. The blot was blocked with 5% milk powder (ELK, 

Campina) in TBST (Tris-Buffered Saline Tween-20) and the SET protein was detected using 

Goat-anti-I2PP2A antibody (Santa Cruz SC-5655) or Mouse-anti-GFP (Clontech 632381). Next, 

the blots were washed 3 times for 10 minutes in TBST and subsequently incubated with HRP-

coupled secondary antibodies (Pierce, dilution 1:5000) in TBST for 1 hour at RT. Finally, blots 

were washed 3 times with TBST for 20 minutes each and subsequently developed by ECL (GE 

Healthcare, Hoevelaken, The Netherlands). 

imaging, processing and data analysis

The fusion proteins (YFP-SET, mCherry-Rac1) were expressed in HeLa cells by transfection, 

followed by overnight imaging in a 24-wells glass bottom plate (Zell Kontakt). Microscopic 

images were taken by a Zeiss LSM 510 confocal microscope, connected to a Zeiss Axiovert 200 

microscope body with a Zeiss EC Plan-Neofluar 40x/1.3 Oil DIC objective. To excite CFP a 405 

diode laser was used, for YFP, the 514 nm line from an argon laser was used, for mCherry and 

RFP a 568 krypton laser line was used. Emission filters were respectively 411 – 465 for CFP, BP 

520-555 IR for YFP and BP 575-615 IR for mCherry. All images were recorded in sequential mode 

67



FT
Y

720
 IN

D
U

C
ES N

U
C

LE
A

R
 EX

IT O
F SET

4

to prevent bleed trough. Z-stacks consisting of five images (512x512 pixels) were taken at several 

locations (FOVs) within the well at five-minute intervals for a period of 15 hours, using the 

Multiple Time Series plug-in for the Zeiss LSM software ZEN 2008. Afterwards the images were 

processed and analysed using the previously published macros for ImageJ (17). Data clearance, 

processing and statistical testing was done using R for statistics version 2.14.0 (R Foundation 

for Statistical Computing, Vienna, Austria). Mann-Witney U test was used for comparing two 

groups, ANOVA for multiple groups. Figures were assembled using Adobe Photoshop CS4.

ReSultS
In previous work, we showed that the proto-oncogene SET binds the hypervariable Rac1 

C-terminus (43). SET is primarily a nuclear protein but can shuttle to the cytoplasm and we 

showed that SET can translocate to the cytosol in a seemingly spontaneous fashion. This 

concerned only a fraction of the nuclear pool of SET, as a result of which multiple ‘exit events’ 

per cell were recorded over prolonged periods of time (17). Moreover, we and others have 

shown that Rac1 activity increases the levels of SET in the cytosol (42; 43). However, besides a 

link with Rac1 activity, there is currently little insight in the mechanisms or triggers that control 

the nucleo-cytoplasmic shuttling of SET. To analyse this in more detail, we used a live-cell 

translocation assay in combination with our recently developed image-analysis method to 

quantitate SET nuclear exit (17)

The SET protein, expressed as a fusion to YFP, resides mainly in the nucleus in resting 

cells. Live-cell imaging shows that small fractions of the nuclear pool of the protein randomly 

translocate into the cytoplasm in a repetitive fashion (Fig. 1A, see also the corresponding 

movie in Additional file S1). To further establish the effect of Rac1 activity on the frequency of 

SET nuclear exit events we co-transfected YFP-SET with wild-type Rac1 and two constitutively 

activated Rac1 proteins, Rac1Q61L (Rac1Q61) and Rac1G12V (Rac1V12) constructs. Next, we 

quantified nuclear exit events following overnight imaging for 18 hrs using a previously 

developed image analysis method (17). This analysis showed that the activated Rac1 mutants, in 

particular Rac1V12, increased the number of SET nuclear exit events per cell (Fig. 1B), which is in 

agreement with our previous observations using fixed cells (43). Of note, our current live-cell 

imaging assay gives primarily information on the number of exit events within the time-frame 

of the analysis rather than on the fraction of the total pool which translocates to the cytosol. 

Previous analysis has shown that this fraction is highly variable (17). 

The Rac1 protein localizes to the cytosol and the plasma membrane and is also known to 

cycle in and out of the nucleus. Nuclear translocation of Rac1 has been linked to a function in 

the control of cell division (28) but was also proposed to be required for its ubiquitin-dependent 

degradation (18; 38). To test whether Rac1 and SET exit from the nucleus simultaneously, we co-

transfected YFP-tagged wild-type (wt) SET with CFP-tagged Rac1V12 in HeLa cells and monitored 

the localisation of both proteins by live-cell confocal imaging of subconfluent cultures. As 

previously observed, a portion of the SET protein shows spontaneous exit from the nucleus 

and we could clearly observe that the nuclear pool of Rac1 exited the nucleus simultaneously 

(Fig. 1C, see also the corresponding movie in Additional file S2). As we established previously, 

SET nuclear exit is not due to degradation of the nuclear membrane (17). In line with this we 
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found that the levels of CFP-Rac1V12 in the nucleus after Rac1 exit were in fact below the levels 

of CFP-Rac1V12 in the cytosol arguing against diffusion-based equilibrium distribution between 

the two compartments and suggestive for an active mechanism driving Rac1 with SET into the 

cytosol. Moreover, also the nuclear fraction of wild type (wt) Rac1, which is mostly in the inactive, 

GDP-bound form, translocated with SET simultaneously from the nucleus to the cytosol.

Because of the simultaneous exit of SET and Rac1 and the increased frequency of SET exit 

in cells expressing activated Rac1, we tested whether the binding of SET to the Rac1 C-terminus 

was altered in cells, co-expressing wt or activated Rac1 mutants. However, binding of SET to 

the biotinylated Rac1 C-terminal peptide (43) was unaltered in the presence of either wt or 

activated Rac1 (Fig. 1D). In these experiments, SET shows up as a double band, which is may be 

due to the detection of the SET A and SET B isoforms, or could be due to cleavage of SET (36).

In the above experiments, nuclear exit of SET occurred in a seemingly spontaneous fashion, 

although the frequency of exit events was increased in the presence of constitutively active 

Rac1. To see if activation of endogenous Rac1 would also promote SET translocation, we tested a 

large number of known Rac1-activating stimuli and analysed nuclear exit of YFP-tagged SET. We 

previously showed that SET exit correlated with cell spreading on fibronectin (17), a condition 

which is known to activate Rac1. Here, we tested a series of (receptor) agonists for their effects 

on SET localization. Stimulation of serum-starved cells with serum or EGF (Epidermal Growth 

Factor) did, however, not induce detectable SET exit from the nucleus. Similarly, treating 

cells with PMA (phorbol-12-myristate-13-acetate) did not induce SET exit. Also induction of 

endogenous Rac1 activation by CNF-1 (cytotoxic necrotizing factor-1) or expression of Rac1 

GEFs Tiam1, β-PIX or onco-Vav2 could not promote SET nuclear exit. Finally, we also did not 

observe SET exit upon local activation of Rac1 using a photo-activatable Rac1 (data not shown) 

(54). Thus, activation of endogenous Rac1 is not sufficient to induce nuclear exit of a detectable 

fraction of the nuclear SET pool. This may be due to the fact that under most conditions, only 

a small fraction (less than 5%) of endogenous Rac1 is in the GTP-bound, active conformation. 

CNF-1 will, after several hours, induce activation of most endogenous Rac1, but this is rapidly 

followed by Rac1 degradation. We conclude therefore that the increased frequency of SET exit 

that we previously observed upon expression of activated Rac1, (e.g. in Fig. 1B) is due to the 

sustained, elevated levels of Rac1 activity in the transfected cells. 

SET (also known as I2PP2A) is one of several proteins that inhibit that activity of the Ser/

Thr phosphatase PP2A (20; 21). We therefore tested if the sphingolipid analogue FTY720 

(fingolimod), which is a known activator of PP2A (1; 26), would influence the nuclear localization 

of SET. To our surprise did FTY720 (5µM) indeed induce a rapid and dramatic exit of YFP-SET 

from the nucleus to the cytosol within minutes after its addition to the cells (Fig. 2A). 

Quantification of this response showed that >70 % of the nuclear pool of SET exited the nucleus. 

In cells transfected with wt YFP-tagged Rac1, FTY720 similarly induced the nuclear exit of Rac1 

(Fig. 2B), which is in good agreement with the simultaneous, spontaneous nucleo-cytoplasmic 

shuttling of SET and Rac1 (Fig. 1C). FTY720 did not induce loss of nuclear signal for GFP-tagged 

Histone 2B, indicating that the effect is specific for SET and Rac1 (Fig. 2C). Moreover, the effect 

by FTY720 was not mimicked by carrier (DMSO) (Fig. 2D).

To further establish that the nuclear exit of SET is a regulated event, we inhibited nuclear 

export in cells using leptomycin B, an inhibitor of CRM1 / exportin 1 (53). Pretreament of HeLa 
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figure 1. nuclear exit of Set. (A) HeLa cells were transfected with YFP-SET and imaged 24 hrs after 
transfection. Images are stills from a time lapse recording and show two sequential SET exit events in the 
same cell at 80 and 312 minutes. Scale bar, 10µm. Movie is in Additional file S1. (B) Cells were co-transfected 
with YFP-SET and the indicated mCherry-Rac1 proteins. WT, wild-type; Q61, Rac1Q61 activated mutant; V12, 
Rac1V12 activated mutant. Cells were imaged overnight (O/N) for 18 hrs and the number of spontaneous 
nuclear exit events of YFP-SET per cell was quantified and tested by ANOVA. Ns, not significant; * p<0.05. 
(C) Cells, co-expressing CFP-Rac1V12 and YFP-SET were imaged during spontaneous nuclear exit of 
YFP-SET. The nuclear fraction of the CFP-Rac1V12 protein translocates simultaneously to the cytoplasm. 
Scale bar, 10µm. Movie is in Additional file S2. (D) Cells were co-transfected with either YFP or YFP-SET and 
the indicated myc-tagged Rac1 proteins. Binding of SET to the biotinylated Rac1 C-terminal peptide under 
these conditions was analysed by streptavidin pull down. Binding of SET to the peptide was not altered in 
cells expressing wild type (wt) or activated Rac1 proteins (Q61 and V12 mutants). TCL, total cell lysate; PD, 
pull-down; WB, western blot.
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cells, transfected with YFP-SET, with leptomycin B did not show SET translocation to the cytosol 

upon treatment of the cells with FTY720 (Fig. 3A, B), suggesting that nuclear exit induced by 

FTY720 is a CRM1-mediated translocation event. This also shows that the nuclear exit of SET is 

not the result of nuclear membrane breakdown.

To determine whether FTY720-induced nuclear exit of SET involves PP2A, we pretreated cells 

with the PP2A inhibitor okadaic acid (OA) prior to treatment of the cells with FTY720. Under these 

conditions, FTY720 did induce a redistribution of SET, but the protein remained inside the nucleus 

and concentrated in small aggregates in the nuclear periphery (Fig. 3B). Thus, PP2A activity is 

required to induce efficient nuclear exit of SET by FTY720. In addition, we tested whether Rac1 

signalling was required for FTY720 induced exit of SET, since Rac1 activity correlates with increased 

figure 2. induction of Set nuclear exit by fty720. (A,B). Cells transfected with YFP-SET or wild type (wt) 
YFP-Rac1 were analysed by live-cell imaging following treatment with 5 µM FTY720. Nuclear exit of SET (A) 
as well as of Rac1 (B) is induced within 5 minutes. Graph on the right shows grayscale intensity profiles (8 
bit) along the indicated line at the indicated time-points. (C) Cells were transfected with H2B-mCherry 
and treated with FTY720. No change in distribution of H2B could be detected. Graph on the right shows 
grayscale intensity profiles (8 bit) along the indicated line at the indicated time-points. (D) Cells were 
transfected with YFP-SET and incubated with DMSO as carrier control for FTY720. No nuclear exit of SET 
could be detected. Graph on the right shows grayscale intensity profiles (8 bit) along the indicated line at 
the indicated time-points.
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nucleo-cytoplasmic shuttling. This experiment showed that in cells expressing an inactive 

Rac1N17 mutant, FTY720 could not induce nuclear exit of SET. However, similar as following the 

pre-treatment with okadaic acid, FTY720 did induce the formation of small aggregates of SET 

within the nucleus (Fig. 3C). In conclusion, the FTY720 induced nucleo-cytoplasmic shuttling of 

SET requires Rac1 and PP2A activity, as well as the CRM1-dependent nuclear export machinery. 

figure 3. inhibition of fty720-induced nuclear exit of Set. (A) Cells were transfected with YFP-SET and 
incubated with Leptomycin B (1µm) for 1 hr to block CRM1-mediated nuclear export. Next, cells were 
treated with FTY720 and SET localization was monitored. No nuclear exit of SET could be detected. 
Scale bar, 10µm (B) Leptomycin B-mediated inhibition of nuclear exit of YFP-SET, induced by FTY720 was 
quantified and plotted as a function of time. The area under the curves is indicated in the bar graph. *, 
p<0.05. (C) Cells, expressing YFP-SET were pretreated with okadaic acid (10 µm, 4 hr) and stimulated with 
FTY720. Although SET did relocalize into small clusters in the nucleus, we could not detect nuclear exit. 
Graph on the right shows grayscale intensity profiles (8 bit) along the indicated line at the indicated time-
points. Scale bar, 10µm (D) YFP-SET expressing HeLa cells were co-transfected with RacN17 and treated 
with FTY720. Graph on the right shows grayscale intensity profiles (8 bit) along the indicated line at the 
indicated time-points. Scale bar, 10µm
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FTY720 can be phosphorylated by sphingosine kinase and pFTY720 can subsequently activate 

the sphingosine-1-phosphate (S1P) receptor (6). To test whether FTY720 phosphorylation 

and subsequent activation of the S1P receptor is sufficient to induce nuclear exit of SET, we 

treated cells with S1P. However, we could not detect nucleo-cytoplasmic shuttling of SET under 

conditions of which FTY720 did induce nuclear exit (Fig. 4A, B). Similarly, SEW-2871, which is a 

selective S1P1 receptor agonist did not induce nuclear exit of SET, nor did pFTY720 itself (Fig. 

4 C,D). The latter finding indicates that in fact FTY720 requires entry into the cells to induce 

SET translocation, rather than acting through a cell-surface receptor. Thus, SET exit can not be 

induced by activating the S1P receptor. In line with this, we could not block FTY720-induced 

nuclear exit of SET by pertussis toxin, an inhibitor of S1P-mediated signalling (data not shown). 

FTY720 is an activator of PP2A. However, an alternative PP2A activator, 1,9-dideoxyforskolin 

(DDF), did not induce nuclear exit of SET (Fig. 4E). This finding suggests that, although PP2A 

activity is required for nuclear exit of SET (Fig. 3B), activation of PP2A by DDF is not sufficient to 

mimic the FTY720-induced nuclear exit. 

Our previous work has shown that phosphorylation of SET on position 9 positively correlates 

with nuclear exit (17; 43). To test whether this phosphorylation site was required for FTY720 

induced nuclear exit, we expressed the SET S9A mutant in HeLa cells. Treatment with FTY720 

did, similar as for wt SET, induce nuclear exit of this mutant (Fig. 5A,B). Similarly, the SET (S9E) 

mutant, which in resting cells is partially or completely outside the nucleus, did translocate 

from the nucleus to the cytoplasm in response to FTY720 treatment (Fig. 5C). For this analysis, 

we imaged cells that showed initial nuclear localization of this mutant. SET is a substrate for 

protein kinase CK2 (46), but the CK2 inhibitor TBB did not inhibit FTY720 mediated exit of SET 

(data not shown) which is in good agreement with the above findings that phosphorylation of 

SET is not a requirement for FTY720-induced nuclear exit. 

We noted in the course of our study that the nuclear exit of SET, as induced by FTY720, was 

associated with the formation of cytosolic clusters of the SET protein (Figures 2A, 4A, 5A). Such 

‘aggregates’ of SET have been observed by others as well (19) and have, by Wallington-Beddoe 

et al (51), been proposed to be autophagosomes. To test this, we co-transfected HeLa cells with 

YFP-SET and RFP-LC3, a marker for autophagosomes. Following FTY720 treatment, however, 

we were unable to detect co-localization of LC3 with cytoplasmic SET (Fig. 6A). Similarly, we 

tested co-expression of YFP-SET with RFP-tagged ubiquitin, to detect potential accumulation 

of cytosolic SET at sites of protein turnover (Fig. 6B). In addition, we tested co-localization of 

YFP-SET with lysotracker to detect lysosomes following the induction of nuclear exit by FTY720 

(Fig. 6C). However, in none of these conditions we could detect convincing co-localization 

of SET aggregates with either autophagosomes, ubiquitin-positive cytoplasmic structures or 

lysosomes following FTY720-induced nuclear exit. 

Finally, since Rac1 activity is linked to SET translocation and microtubule (MT) growth is 

known to activate Rac1, we tested whether there exists a functional link between MT dynamics 

and SET translocation. Firstly, we blocked MT polymerization in cells expressing YFP-SET by 

incubation with nocodazole prior to O/N recording of spontaneous SET nuclear exit. These 

experiments showed that nocodazole reduces the frequency of spontaneous SET nuclear exit 

events. Use of increasing doses of nocodazole clearly indicated a trend, although the inhibition 
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figure 4 analysis of Set nuclear exit by different stimuli. cells, expressing yfp-Set, were treated with 
fty720 (a); S1p(B); SeW-2871(c); p-fty720 (d) and ddf (e). Cells were imaged at t=0 and t= 5 min after 
treatment with the indicated compounds. Zoomed images are in the panels on the right. Scale bar, 20 µm.

did not reach statistical significance (Fig. 7A). Conversely, the washout of nocodazole, allowing 

MT regrowth which is known to induce Rac1 activity, induced the nuclear exit of a small but 

detectable fraction of nuclear YFP-tagged SET (Fig. 7B). This is further illustrated in a movie 

which is in Additional file S3. In a subsequent experiment we found that the FTY720 induced 

nuclear exit of SET is blocked following treatment with nocodazole (Fig. 7C), which is in line 

with the data in Fig. 7A. Thus, MT dynamics are required for the nucleo-cytoplasmic shuttling 

of SET. Finally, we could show that FTY720 treatment by itself already affected the pattern of MT 
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distribution. After 10-30 min of FTY720 treatment, the normal organization of MTs in the cells 

was clearly lost (Fig. 7D). Whether this latter finding is due to the cytoplasmic recruitment of 

SET, which occurs after 2-5 minutes, remains to be investigated.

diScuSSion
The current study addresses the nucleo-cytoplasmic shuttling of the proto-oncogene SET/

I2PP2A in epithelial cells. We show that nuclear export of SET is promoted by Rac1 activity, is 

CRM1-mediated and is abruptly induced by FTY720, an activator of PP2A and precursor of 

pFTY720, which is an agonist of the sphingosine-1-phosphate receptor. FTY720 is an immuno-

modulatory compound which is currently in clinical trials for the treatment of multiple sclerosis 

(5). In addition, several studies have suggested therapeutic potential of FTY720 for treatment of 

leukemia, including various forms of myeloid leukemia. Intriguingly, SET was initially discovered 

as a fusion with nucleoporin in myeloid leukemia (49). Now, our findings indicate that there exists 

a functional link between the effects of FTY720 and the nucleo-cytoplasmic shuttling of SET. 

figure 5. fty720 induces translocation of Set mutants. Cells were transfected with YFP-tagged versions 
of SET wild type (wt) (A), the SET A9 mutant (S9A)(B) or the SET A9 mutant (S9A) (C) and treated with 
FTY720 and imaged by life cell imaging. Although the S9E mutant is mostly cytosolic, we imaged a cell 
that also showed nuclear localization of this mutant version of SET. Data show that FTY720 induces nuclear 
exit of both mutants, indicating that phosphorylation at Ser 9 is not required for FTY720-induced nucle0-
cytoplasmic shuttling. Scale bar, 10 µm. Graph on the right shows grayscale intensity profiles (8 bit) along 
the indicated line at the indicated time-points.

75



FT
Y

720
 IN

D
U

C
ES N

U
C

LE
A

R
 EX

IT O
F SET

4

FTY720 has been found to be growth inhibitory due to the induction of apoptosis in primary 

B-cells and B-cell-lines (23), in breast and colon cancer cells (30) and in lymphoid cell lines 

(34). FTY720 also induced apoptosis in lymphoblastic leukemia cells, and this effect was not 

mimicked by its phosphorylated variant (51). In neurons, cytoplasmic localization of SET, or 

simply its overexpression, was found to induce cell death upon genotoxic stress (24; 36). In 

epithelial cells, oxidative stress cooperated with SET in inducing apoptosis (19). Thus, the 

nuclear exit of SET correlates and may explain the induction of apoptosis in various types of cell 

following exposure to FTY720.

figure 6. Set clusters do not colocalize with lc3, ubiquitin or lysosomes. Cells were transfected 
with YFP-tagged SET and treated with FTY720 or induce nuclear exit. A, cells were co-transfected with 
RFP-LC3, as a marker for autophagosomes. However, high resolution imaging did not reveal any clear co-
localization of autophagosomes with cytoplasmic SET clusters. Scale bar, 20µm; zoom, 10µm (B) Cells were 
co-transfected with RFP-ubiquitin, however, no colocalization with clustered SET could be observed. Scale 
bar, 20µm. (C) Cells were labelled with lysotracker, prior to treatement with FTY720. Also here, we could 
not detect clear co-localization with clustered, cytoplasmic SET. Scale bar, 10µm
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figure 7. Microtubule dynamics regulate Set localization. (A) Cells were transfected with YFP-SET, 
incubated with the indicated concentrations of nocodazole and followed O/N by live-cell imaging. 
Graph depicts the number of spontaneous nuclear exit events of SET. (B) Cells, expressing YFP-SET were 
pretreated with 10 µM nocodazole for 1 hr, after which nocodazole was washed out and SET localization 
was followed by live cell imaging. A small fraction of the nuclear pool of SET was recruited into the cytosol 
upon nocodazole washout and microtubule regrowth. Scale bar, 20 µm. Movie is in Additional file S3. (C) 
Cells, expressing YFP-SET were pretreated with 10 µM nocodazole for 1 hr, prior to incubation with FTY720. 
Nocodazole pre-treatment largely prevented the FTY720 induced nuclear exit of SET. Scale bar, 20 µm. 
(D) Cells were incubeated with FTY720 for the indicated times, fixed and stained for microtubules. FTY720 
induced a clear de-polymerization of microtubules within 5-10 minutes. Scale bar, 20µm.

77



FT
Y

720
 IN

D
U

C
ES N

U
C

LE
A

R
 EX

IT O
F SET

4

Our data suggest that the mode of action of FTY720 in recruiting SET from the nucleus 

involves an effect on an intracellular signaling pathway. The S1P agonist pFTY720, which is 

formed by the action of sphingosine kinase upon incubation of cells with non-phosphorylated 

FTY720, could not mimic the induction of nuclear exit of SET. This suggests that the direct 

activation of PP2A by the cell-permeable FTY720 represents a key mechanism in this effect. The 

finding that inhibition of PP2A activity by okadaic acid blocks SET translocation to the cytoplasm 

supports this notion. However, an alternative activator of PP2A, 1,9-dideoxyforskolin, could not 

mimic the effect of FTY720, suggesting that alternative targets are involved in this response. 

One of these is Rac1 itself. FTY720 can activate Rac1 in cells, although this has been linked to 

the activation of the S1P receptor (39). On the other hand, FTY720 was shown to promote the 

barrier function of pulmonary endothelial cells in a manner that was independent of the S1P 

receptor, but was also blocked by Rac1 inhibition (9). Thus, FTY720 may act within cells by 

targeting both PP2A and Rac1 signaling simultaneously. 

In addition to inducing the nuclear exit of SET, FTY720 also induced nuclear exit of Rac1. This 

co-translocation of the two proteins also occurred when we monitored sponteanous nucleo-

cytoplasmic shuttling, as documented in Fig. 1C. This suggests that SET and Rac1 may associate in 

the nuclear compartment, although we have no formal proof that this is the case. Alternatively, 

it could well be that Rac1 and SET associate in the cytoplasm, prior to nuclear translocation. It 

is interesting to note that for both Rac1 and SET their import into the nucleus has been linked, 

in independent studies, to the importins (36; 38). Qu et al. (36) showed that SET associates in 

cortical neurons to several importin α isoforms, in particular to importin α3. These authors 

have identified an a-typical, bipartite nuclear localization signal in SET, which is required for 

nuclear import. Sandrock et al. (38) showed that Rac1 associates to karyopherin α2 (importin 

α1) and that this association is required for nuclear accumulation of Rac1, which has been 

linked to its proteasomal degradation (18; 38). The interaction of Rac1 with karyopherin α2 was 

shown to be independent of its nucleotide bound state and to be mediated by its hypervariable 

C-terminus. Similarly, we have shown that the binding of Rac1 to SET is nucleotide-independent 

and mediated by the Rac1 C-terminus (43). Thus, the requirements for Rac1 nuclear import are 

similar as for binding to SET. Although SET and Rac1 bind to different importin isoforms, these 

can all bind to importin β, forming a tripartite complex that binds to the nuclear pore complex 

for import by the classical pathway (11).

These findings suggest that the mechanisms that drive the translocation of both activated 

Rac1 and SET in and out of the nucleus may be largely identical. The mechanistic link of 

nucleocytoplasmic shuttling of Rac1 and SET with Rac1 activity, however, remains complex. 

Sandrock et al. showed that activation of Rac1 using CNF1 (Cytotoxin Necrotizing Factor1) 

toxin promotes accumulation of activated Rac1 in the nucleus. The same accumulation is 

seen in cells treated with MG132 to block the proteasome (38). Activated Rac1 is substrate to 

ubiquitylation (32; 48). Whether ubiquitylation is required for Rac1 nuclear import is currently 

unknown. Conversely, we have shown that Rac1 activity promotes nuclear exit of SET and that 

spontaneous as well as FTY720-induced translocation of SET to the cytoplasm is accompanied 

by co-translocation of an activated mutant of Rac1 (43) (Figure 2A,B). Thus, although Rac1 

activation may promote its recruitment to the nucleus, it does not prevent its consequent 

nuclear exit and cytoplasmic recruitment of SET. 
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Our earlier studies suggested that cytoplasmic accumulation of SET may cooperate with 

Rac1 in promoting cell motility. The effects of SET on apoptosis in neuronal and epithelial 

cells may be a subsequent, independent effect that was not detected in the migration assays. 

Current studies using a SET mutant that lacks its NLS sequence are ongoing and will be required 

to further address this. Whether the FTY720-induced nuclear exit of Rac1 and SET play a role 

in FTY720-induced chemotactic responses (6; 29) remains to be further investigated. Our 

current analysis showed that MT dynamics are required for spontaneous as well as FTY720-

induced nuclear exit of SET and that MT regrowth induces cytoplasmic translocation of a small 

fraction of the nuclear pool of SET. Since MT dynamics control Rac1 activity, it is likely that MT 

polymerization, through local increases in Rac1 activity, recruits SET from the nucleus. Since 

MT targeting to focal adhesions has been described and SET was found associated with focal 

adhesion proteins in a proteomic screen (27), it will be of great interest to test the functional 

link between MT dynamics, Rac1 activity, SET translocation and cell adhesion and migration. 

Our findings that cytoplasmic SET shows a limited accumulation in protrusive areas (Additional 

file S3) are suggestive for this notion, albeit that further experimental evidence would be 

required to further substantiate this.

In summary, the work in this paper uncovers a novel effect of the immunomodulatory 

compound FTY720, but not its phosphorylated analogue, which is to induce the nuclear exit 

and cytoplasmic accumulation of the PP2A inhibitor SET/I2PP2A. This effect may occur via its 

activation of PP2A, although we could not mimic the effect on SET using an alternative PP2A 

activator. FTY720 also induces nuclear exit of Rac1. FTY720-induced nuclear exit of SET results in 

its accumulation in cytoplasmic aggregates. Finally, the translocation of SET into the cytoplasm 

upon FTY720 treatment links previously published, separate studies in which FTY720 treatment 

or the expression and cytoplasmic localization of SET was shown to induce apoptosis in various 

types of cell. This work therefore provides additional information which is relevant for the 

therapeutic use of FTY720 for treatment of multiple sclerosis as well as leukemia. 
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SuMMaRy
The RhoGTPase Rac1 is activated in a polarized fashion and controls cell motility. We previously 

showed that Rac1 binds the PP2A inhibitor SET and recruits nuclear SET to the cytosol. We show 

that a SET mutant, lacking a nuclear localization signal, SET(ΔNLS), promotes cell spreading and 

motility. This was accompanied by an increase in the number and frequency of membrane ruffles. 

Pharmacological inhibition of PP2A did not mimic the effects of SET(ΔNLS), however, we found 

that expression of SET and SET(ΔNLS) increases the levels of the MAP kinases ERK1 and ERK2. 

Key words

Rac1; SET/I2PP2A; cell migration; cell spreading
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intRoduction 
Polarized cell motility is driven by actin polymerization and membrane protrusion at the cell 

front in concert with formation and remodeling of sites of integrin-mediated adhesion. [1]. The 

small GTPase Rac1 controls cell protrusion and actin polymerization, mediated by the Arp2/3-

complex. The small GTPase Rac1 is a member of the family of RhoGTPases. These GTPases 

function as molecular switches: activation is initiated by binding to GTP, catalysed by Guanine-

nucleotide Exchange Factors (GEFs) whereas inactivation requires GTP hydrolysis, promoted by 

GTPase Activating Proteins (GAPs)[2;3]. GTP-bound Rac1 interacts with downstream effectors, 

including WASP and Wave proteins, IQGAP and the PAK kinases [3]. Cell migration requires 

proper localization of the relevant signaling components [4;5]. For Rac1, correct localization 

requires a C-terminal lipid anchor in conjunction with an adjacent polybasic region. Our lab and 

others showed that the Rac1 hypervariable domain, which harbors the polybasic region also 

binds to the GEF β-PIX, to Caveolin1 and PACSIN2, to the ubiquitin ligase Nedd4 and mTOR[6-

11]. In addition, Rac1 binds the proto-oncogene and PP2A inhibitor SET/I2PP2A [12;13].

In addition to inhibiting PP2A, SET controls histone acetylation, granzyme activity and beta-

adrenergic receptor phosphorylation [14-16]. All these functions are involved in SET regulating 

apoptosis, the cell cycle as well as cell motility [12;14;15]. SET can be phosphorylated by Casein 

Kinase II as well as PI3Kinase-γ [16;17], regulating SET dimerization, localization and function 

[12;16]. Nuclear SET can shuttle to the cytoplasm [12;18;19]. We previously showed that SET 

exits the nucleus in a seemingly random fashion [18]. Nuclear exit of SET correlates with cell 

spreading, in line with its proposed role in cell motility. We also found that activated Rac1 and 

SET can exit the nucleus simultaneously (Lam et al., unpublished data), which is in line with our 

data that suggested SET to cooperate with Rac1 stimulating cell migration [12]. To investigate 

this further, we here tested the effects of constitutive cytoplasmic targeting of SET to the 

cytoplasm for cell spreading, cell-cell contact, membrane ruffling and cell motility. 

MethodS 
antibodies, constructs and reagents

Antibodies against the following proteins were used: Anti-SET/I2PP2A (SC-25564, Santa Cruz 

Biotechnology); GFP (632381, Clontech); β-catenin (mouse monoclonal, 610154, Transduction 

Laboratories) and ZO-1 (mouse monoclonal, 610966, Transduction Laboratories). F-Actin was 

detected using Texas-Red- or Alexa-Fluor-633-labeled phalloidin (Invitrogen). Secondary 

Alexa-Fluor-labeled antibodies for immunofluorescence were from Invitrogen. FTY720 was 

obtained from Calbiochem (344597).

cell culture and transfection

HeLa cells were maintained and transfected using TransIT®-LT1 Transfection Reagent (Mirus 

Bio) as descrived [18]. For proliferation assays, cells were counted using a cell counter (CASY), 

and cultured in 6-well plates for 24, 48 and 96 hours. After these time points the cells were 

counted again and the result is normalized to cells expressing YFP. Analysis of cell spreading by 

ECIS was performed as described [8].
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expression constructs

YFP-SET and its mutants A9 and E9 were generated as previously described [18]. Site-directed 

mutagenesis was performed on YFP-SET to delete amino acids 168 to 181 from SET based on the 

mutation described by Qu et al., [19] generating the construct YFP-SET(ΔNLS; see also Figure 

1A). Primers for this mutation were: 5’GGAAAGGATTTGACGCAGCATGAGGAACCAG (forward 

primer) and CTGGTTCCTCATGCTGCGTCAAATCCTTTCC (reverse primer), produced by the 

Eurogentec Oligo Centre, Belgium. 

pull-down assay

Biotinylated peptides were synthesized on a peptide synthesizer (Syro II) using FMOC solid 

phase chemistry. Peptides encoded a protein transduction domain (Biotin-YARAAARQARAG) 

followed by 10 amino acids N-terminal to the CAAX domain of Rac1. Peptide pull-downs were 

performed using cell lysates and analysed as described previously [7]..

confocal laser scanning microscopy and kymographs

Cells were seeded onto fibronectin-coated glass coverslips, transfected with the indicated 

plasmids, fixed and immunostained as described [8]. Fluorescent imaging was performed with 

a confocal laser-scanning microscope (LSM510/Meta; Carl Zeiss MicroImaging) using a 63× 

NA 1.40 or a 40× NA 1.30 oil lens (Carl Zeiss MicroImaging). Image acquisition was performed 

with Zen 2009 software (Carl Zeiss MicroImaging). For live-cell imaging, cells were seeded on 

fibronectin-coated glass coverslips, transfected with the indicated plasmids. After 24 hours, 

fluorescent imaging was performed. For kymography, imaging was performed on an Axiovert 

200M microscope (Carl Zeiss MicroImaging) using a 20x Plan-Neofluar phase 2 air objective 

for scratch assays and a 40x Plan-Neofluar phase 2 air objective for kymographs, recorded by a 

CCD camera (ORCA-R2, Hamamatsu Photonics) with an interval of 5 minutes for scratch assays 

and 0.5 seconds for kymographs. For analysing significance levels from the kymograph data, 

the non-parametric Mann-Witney U-test was used. 

nanopro assay

Total levels and phosphorylation of ERK was measured in cell lysates by the Nanopro 1000 System 

(Protein Simple). 48 Hours after transfection with the indicated constructs, cells were lysed in 

Bicine/CHAPS lysis buffer (ProteinSimple; 040-327) supplemented with 1x DMSO Inhibitor Mix 

(Protein Simple; 040-510) and 1x Aqueous Inhibitor Mix (ProteinSimple; 040-482). Following 

centrifugation of lysates at 20.000xg for 10 minutes at 4°C, supernatant was loaded in small 

capillaries (ProteinSimple) together with Ampholyte premix G2 (ProteinSimple; 040-973) and pI 

Standard Ladder 3 (ProteinSimple; 040-646). Proteins were separated by isoelectric focusing by 

applying 21000 µW for 40 minutes, followed by UV-cross linking, immuno-staining and recording 

by a CCD camera. Data were analyzed by company software (Compass; ProteinSimple). 

ReSultS
We generated a mutant of YFP-tagged SET that is constitutively cytoplasmic due to the lack of 

a nuclear localization signal (NLS) [19], i.e. 168KRSSQTQNKASRKR181 (Figure 1A). We previously 
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determined that Rac1 binding to SET required the C-terminal portion of the NAP (Nucleosome 

Assembly Protein) domain. Since the NLS resides also in the C-terminal portion of the NAP domain, 

we first tested whether the YFP-SET(ΔNLS) mutant, expressed in HeLa cells, still bound the Rac1 

C-terminal peptide. Figure 1B shows that binding of the Rac1 C-terminus to full-length YFP-SET 

(wt) is equally efficient as to the YFP-SET(ΔNLS) mutant. In addition, we found that increasing Rac1 

activity by co-expression of constitutively active Rac1Q61 or Rac1V12 mutants did not alter the 

interaction of YFP-SET (wt) or YFP-SET(ΔNLS) with the Rac1 C-terminus (not shown).

We next used confocal imaging of transfected HeLa cells to determine whether cytoplasmic 

targeting of SET alters cellular distribution of cytoskeletal proteins and proteins, important 

for cell adhesion and migration. Figure 1C shows that the YFP-SET(ΔNLS), in agreement 

with published data [19], is localized both in the nucleus and in the cytoplasm. Cytoplasmic 

distribution was diffuse, although in cells with higher expression, YFP-SET(ΔNLS) localized 

to peripheral membrane ruffles (Figure 1C). There was no obvious co-localization with either 

F-actin, tubulin or vinculin (Figure 1C-E). In addition, expression of YFP-SET(ΔNLS) did not 

induce altered distribution of F-actin, tubulin or vinculin. This data confirms that the region 

between amino acid 168-181 functions as a nuclear localization signal.

Our previous analysis of the role of SET in Rac1 signalling indicated that SET, once outside 

the nucleus, promotes cell migration [12]. However, more recent work showed that nuclear 

exit of wild type SET is not accompanied by clear membrane association [18], which is why we 

used the YFP-SET(ΔNLS) mutant, which better recapitulates the distribution of wt SET. We used 

YFP-SET(ΔNLS) to study the effects of cytoplasmic SET on cell migration in more detail, using 

transfected HeLa cells in a wound-healing assay

We developed an image analysis protocol to quantify the wound-healing response. Wounded 

monolayers were imaged by phase-contrast microscopy (Figure 2A) with a 5 minute frame interval. 

Images were processed using ImageJ. First a smoothing filter is applied, which replaces each pixel 

value with the average of its 3×3 neighbourhood to filter out small image noise. A variance filter 

is applied to highlight edge-regions followed by application of a binary threshold. Consequently, 

the holes in the binary image, resulting from cells wich are migrating apart from the scratch front, 

are filled, as well as the holes resulting from gaps in the monolayer of cells. For each time point the 

area (=number of pixels) occupied by the wound is measured and normalized to 100% at t=0 min, 

which is the start of the experiment. The results show that cells expressing the YFP-SET(ΔNLS)-

mutant close the wound faster (on average 400-500 min) compared to cells expressing wt SET, 

YFP, or no construct at all (Figure 2B). The relative % of wound healing at time point 440 min, the 

moment at which the wound is closed in the YFP-SET(ΔNLS) cells, are displayed in Figure 2C. The 

ImageJ analysis macro for this method is included in Supplementary File 1. 

To determine whether also cell spreading was enhanced we seeded HeLa cells, transfected 

with YFP-SET (wt) or YFP-SET(ΔNLS) on ECIS electrodes which allow real time recordings of cell 

spreading [8;10]. In cells expressing the YFP-SET(ΔNLS), we observed a higher resistance during 

spreading compared to YFP (Figure 3A). Expression of YFP-SET(wt) gave an opposite response in 

that in these cells, electrical resistance during spreading was lower compared to the YFP control 

(Figure 3A). This data suggests that wild-type SET impairs cell spreading, whereas constitutively 

cytoplasmic YFP-SET(ΔNLS) promotes cell spreading. Moreover, the transepithelial resistance 
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figure 1. Rac1 binding and localisation of the Set(ΔnlS) mutant. (A) Schematic drawing indicates the 
position and sequence of the bipartite NLS and its deletion in SET. The NAP (Nucleosome Assembly 
Protein) domain and the acidic C-terminus are indicated, as well as the position of Ser9, a target site for 
phosphorylation. (B) HeLa cells were transfected as indictaed and SET binding to the Rac1 C-terminal 
peptide was analysed. The Rac1 C-terminal peptide bound to the SET construct equally well. TCL, total 
cell lysate; PD, pull-down. (C) The localisation of YFP-SET(wt) and YFP-SET(DNLS)-mutant was analysed 
by confocal imaging. Whereas YFP-SET(wt) is primarily nuclear, the YFP-SET(DNLS) proteins shows a clear 
localization in the cytoplasm as well as the nucleus. Scale bar, 20 µm. 
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figure 2. cytoplasmic targeting of Set promotes cell migration. Cells were transfected as indicated, 
wounded and wound healing was recorded by live-cell phase-contrast imaging. (A) Raw images are 
recorded from an EMCCD-camera connected to a wide-field microscope. A Gaussian blur is applied with 
a variance filter to highlight the scratch boundaries. After thresholding, single cells in the middle of the 
wound are removed using a binary fill-operation. Finally, the image is inverted and the area of the scratch 
is measured in time. (B) Wound healing (i.e. reduction in would area) is plotted as a function of time. 
Expression of wild type SET (SET) delays wound healing, whereas expression of SET(DNLS) enhances 
wound healing. Dashed line indicates point of first full wound closure. (C) Bar graph represents the area of 
wound closure for the different constructs at the time-poit indicated by the dashed line in B.
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of the epithelial monolayers was also higher compared to the controls, suggesting that YFP-

SET(ΔNLS) also promotes intercellular contacts (see below). 

Previously, we showed that the phospho-mimetic E9 mutant of SET shows increased 

cytoplasmic localisation, whereas the corresponding A9 mutant was strictly nuclear [12;18]. We 

generated the ΔNLS mutation also in the background of the A9 and E9 mutants to test for co-

operativity of these mutations. The data in Figure 3B, C show that also in these mutants, the 

ΔNLS mutation promoted cell spreading compared to the A9 or E9 versions of SET(wt). Finally, 

we tested whether altered cell proliferation could explain our increased resistance values, 

but found no indications that expression of either YFP-SET(wt) or YFP-SET(ΔNLS) altered cell 

numbers after 48 hrs of culture (Figure 3D). 

figure 3. constitutively cytoplasmic Set(ΔnlS) 
promotes cell spreading. (A-C) Cells were transfected 
as indicated and seeded after 24 hrs on ECIS electrodes. 
Cell spreading was recorded in real time. Whereas 
expression of YFP-SET(WT) or its Ser9 mutants 
consistently delayed initial spreading, expression 
of YFP-SET(ΔNLS) or its Ser9 mutants increased cell 
spreading. (D) Cells were transfected as indicated and 
cell numbers were counted 48 hrs after transfection 
and normalised to the values of the vector control. 
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Differences in electrical resistance over a monolayer of epithelial cells can also be due 

to increased junctional integrity. We therefore analysed transfected cells for β–catenin, as a 

marker for adherens junctions, and for ZO-1 (Zona Occludens-1) as a marker for tight junctions 

(Figure 4A,B). Intensity plots along the indicated lines are included to underscore local protein 

distribution at cell-cell contacts. These data showed no significant changes in the overall 

junctional distribution of either β–catenin or ZO-1. Parallel Western blotting of transfected cells 

also showed no significant changes in overall ZO-1 levels (data not shown). 

Since the YFP-SET(ΔNLS) promoted cell migration as well as cell spreading in HeLa cells, we 

performed a more detailed analysis of membrane ruffling activity. This was done using live-cell 

phase contrast imaging in combination with kymograph analysis, based on SACED (stroboscopic 

analysis of cell dynamics) [20]. In this approach, phase contrast images are recorded with a 

frequency of 2 Hz (i.e. two images per second, figure 5A-a’). Eight equally distributed radial line 

profiles are measured in time (Figure 5A-a’’). Examples of the first four kymographs are shown 

in Figure 5A, in the panels marked 1-4. Membrane ruffles were analysed by optical inspection 

(Figure 5A-a’’’zoom). Based on the indicated lines, the total number of membrane ruffles in 

figure 4. distribution of junctional proteins is not altered by expression of yfp-Set(DnlS). Cells were 
transfected on glass slides and cultured to confluency for 24 hrs. Next cells were fixed, immunostained for 
β-catenin (A) as a marker for adherens junctions or ZO-1 (B) as a marker for tight junctions and imaged by 
confocal microscopy. Intensity profiles along the indicated lines are in the right panels. Expression of SET 
constructs did not induce major changes in distribution of β-catenin or ZO-1. 

93



SET(Δ
N

LS) PR
O

M
O

TES C
ELL SPR

E
A

D
IN

G
 A

N
D

 M
O

TILIT
Y

5

the experiment (‘count’), the frequency (#/time), length (l) and speed (dist/time= tan(α)) of 

the membrane ruffles can be calculated (Figure 5B). This analysis showed that the number 

and frequency of membrane ruffles is higher in cells expressing the YFP-SET(ΔNLS)-mutant as 

compared to cells expressing wildtype YFP-SET (WT). The speed of the individual ruffles is also 

higher in the YFP-SET(ΔNLS)-mutant expressing cells, while the length is significantly shorter. 

Thus, cells, expressing the YFP-SET(ΔNLS)-mutant show increased membrane dynamics, in line 

with the increased cell spreading and the increased speed of wound healing.

Because PP2A activity has been linked to the control of cell migration in a positive as well 

as negative fashion [21;22], we tested whether inhibition of PP2A would mimic the effects of 

YFP-SET(ΔNLS). We used increasing doses of okadaic acid, a widely used PP2A inhibitor in the 

wound healing assays and quantified the response by live-cell imaging as described for Figure 

2 (Figure 6A). However, we observed a dose-dependent inhibition of would healing (Figure 

6B), in line with results from Basu et al. [22] and Li et al. [21] This data suggests that inhibition of 

PP2A is not the mechanism by which cytoplasmic SET promotes cell spreading and migration. 

However, siRNA-mediated removal of the different PP2A isoforms expressed in these cells 

would be required to provide formal proof for this conclusion.

To study other signaling pathways that may be affected by cytoplasmic targeting of SET, we 

analysed activation of ERK1/2. For analysis of phosphorylation of the p42 and p44 ERK kinases, 

we used the nanopro assay as described in Methods [23] (Figure 7A). We checked whether 

the phosphorylation of MAP-kinases was altered by re-localizing SET from the nucleus to the 

cytoplasm (Figure 7B). For analysis of ERK phosphorylation, the total ERK antibody was used 

since the phosphorylated species of ERK1 and ERK2 have a reduced, iso-electric point (pI, 

Figure 7A) The data show that expression of YFP-SET(wt) or YFP-SET(ΔNLS) induces a slight but 

insignificant reduction in ERK1 (Figure 7B) – and ERK2 (not shown) phosphorylation. However, 

we noted in 5 out of 6 independent experiments that the levels of unphosphorylated, total ERK1 

and ERK2 were elevated in the cells expressing YFP-SET(wt) and in particular in cell expressing 

YFP-SET(ΔNLS) (Figure 7C,D). The increase in ERK levels amounted up to 3-fold, compared 

to YFP-transfected control cells. Whether this increase in ERK levels is the result of increased 

protein synthesis or reduced degradation remains to be established. 

diScuSSion 
Increasing numbers of signaling proteins that originally were regarded to be cytoplasmic, are 

now known to reside in the nucleus as well and vice versa. SET/I2PP2A is also known to localise 

to the nucleus as well as the cytoplasm [18;24]. We previously found that Rac1 binds, through 

its hypervariable C-terminus, to the NAP domain of SET [12]. Our initial findings suggested that 

Rac1 activity promotes cytoplasmic accumulation of SET which could stimulate Rac1-mediated 

cell motility [12]. We generated a constitutively cytoplasmic mutant of SET which lacks the 

non-canonical bipartite nuclear localization in SET [19] and mimics more closely the normal 

localisation of SET that has exited the nucleus [18]. 

We used a wound-healing assay to measure cell migration speed as a function of time. 

We developed an image-analysis method based on continuous monitoring of the size of the 

wound, to record the speed of the would healing response in real time. In line with our earlier 
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figure 5. cytoplasmic targeting of Set promotes membrane ruffle dynamics. (A) Live-cell phase contrast 
imaging (2 frames/sec) of ruffling cells (panel A-a’). (A) Kymographs are drawn from 8 radially arranged 
lines (panel A-a’’). Panels marked 1-4 are included as examples and represent the kymographs along the 
corresponding lines. Membrane ruffles are counted and classified by eye, with values for distance, time 
and length computed from the manually drawn line regions (panel A-a’’’). Speed is calculated as distance 
over time, frequency as number (count) over time. (B) Kymograph analysis show that the difference in 
membrane dynamics of cells expressing either YFP-SET or YFP-SET(ΔNLS) is due to an increase in the 
number of membrane ruffles, an increase in the frequency and speed of these membrane ruffles and a 
corresponding decrease in membrane ruffle length. *, p< 0.05; **, p<0.01; ***, p<0.001 
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figure 6. inhibition of pp2a by okadaic acid does not mimic cytoplasmic targeting of Set. Cells were 
grown to confluency on glass slides, incubated with the indicated concentrations of the PP2A inhibitor 
okadaic acid and assayed for wound healing by live cell imaging as in Figure 2 in the presence of the 
inhibitor. (A) Graph shows wound healing as a function of time at the indicated concentrations of okadaic 
acid. (B) Bar graphs shows values of area closure corresponding to the dashed line in panel A. 

figure 7: analysis of eRK1/2 by nanopro technology. (a) the nanopro iso-electric focusing assay was 
used to quantitatively measure eRK phosphorylation. In resting cells, unphosphorylated Erk1 and Erk2 
are the major species with small quantities of phosphorylated ERK1,2 detectable. The phosphorylated ERK 
species are indicated. (B) Expression of YFP-SET(wt) or YFP-SET(ΔNLS) causes a small but not significant 
reduction in ERK1 phosphorylation levels. (C) Nanopro analysis of total ERK1 and ERK2 in lysates from cells, 
transfected with YFP (blue), YFP-SET (green) or YFPSET(ΔNLS) (grey). (D) The increase in total ERK1/2 
levels in cells expressing the indicated constructs are quantified and the mean values +/- sd (n=6) is shown 
in the bar graph.
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findings, cytoplasmic localization of SET promotes wound healing whereas expression of 

SET(WT) reduced cell migration.  To further determine which cellular responses are affected by 

cytoplasmic targeting of SET we analyzed cell spreading, membrane ruffling and intracellular 

signaling. Our findings show that in addition to the wound healing, SET(ΔNLS) also promotes 

cell spreading. The spreading, as was recorded using ECIS-based impedance measurements, 

was approximately two fold higher as compared to controls. This effect was independent from 

mutation at Ser9, most likely because the SET(ΔNLS) mutation bypasses regulatory events (i.e. 

phosphorylation) that target this residue.

The increase in electrical resistance can, in addition to spreading, also be the result of 

enhanced intercellular contact. However, we could not find any significant changes in the 

distribution of F-actin or β-catenin, both markers for adherens junctions, or for ZO-1, a marker for 

tight junctions in control cells or in cells expressing SET(WT) or SET(ΔNLS). This underscores the 

notion that cytoplasmic targeting of SET promotes cell spreading rather than cell-cell contact.

Since cell spreading and migration is dependent on actin polymerization and consequent 

membrane dynamics and protrusion, we used detailed kymograph analysis [20] based on 

live-cell recordings to analyse membrane dynamics in SET or SET(ΔNLS)–expressing cells. 

These studies showed that cytoplasmic targeting of SET does alter membrane dynamics. The 

number, speed and frequency of membrane ruffles were increased, but these ruffles were 

consequently shorter. These changes in membrane dynamics correlate well with the increased 

cell migration in the wound healing assay. 

To investigate which signaling events may be relevant for the induction of cell motility by 

cytoplasmic SET, we also focused on PP2A. However, inhibition of PP2A by okadaic acid dose-

dependently blocked the wound-healing response in the scratch assays, opposite to the effect 

we observed with SET(ΔNLS). The finding that okadaic acid inhibits cell motility has also been 

observed in CD34+-cells [22] and MCF7 epithelial cells [25]. Our findings suggest, however, that 

inhibition of PP2A does not mediate the stimulatory effects of cytoplasmic SET on cell motility. 

Finally, we tested effects of SET on basal activity of the ERK kinases, that were previously 

linked to cell motility [26]. We used a novel technique, based on capillary iso-electric focusing, 

to measure expression and phosphorylation of ERK1 and ERK2. These experiments revealed that 

there were no significant differences in ERK1/2 phosphorylation in the absence or presence of 

SET. However, we noted a consistent increase in the levels of total, unphosphorylated ERK1 and 

ERK2 in cells, expressing SET and the SET(ΔNLS) mutant. ERK signaling is linked to cell migration 

and is activated by many stimuli, including integrins that in parallel also activate Rac1 [26;27]. 

Moreover, ERK can associate to PP2A [28], suggesting that cell migration may be regulated 

through a Rac1-SET-PP2A-ERK signaling complex. The conditions that determine the output 

and level of such signaling including the levels of ERK activity, require further investigations. 
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SuMMaRy
The regulation of cell adhesion and motility requires precise, localized signaling to orchestrate 

coordinated cellular behavior. Among others, Rho-like GTPases are central regulators of 

cell adhesion and migration while at the same time these proteins are also activated upon 

engagement of adhesion receptors or cell stimulation with chemokines. RhoGTPases consist of 

a core G- (GTP binding) domain flanked at the C-terminus by a hypervariable region. The latter 

also harbors the cysteine to which a lipid membrane anchor is post-translationally attached. This 

C-terminus is generally considered to mediate specific targeting of Rho GTPases. Here we show 

that the hypervariable C-terminus of Rac1 is required, but not sufficient for proper targeting 

of activated Rac1 to Focal Adhesions (FAs). Selected, limited mutation of the hypervariable 

region did not prevent FA targeting or binding to the Rac1 effector IQGAP1, but did impair 

Rac1 induced cell spreading. In contrast, mis-positioning a normal, unmutated hypervariable 

region did prevent FA targeting of activated Rac1, and impaired the capacity of the protein to 

be activated by a co-expressed guanine nucleotide exchange factor. Finally, this construct also 

showed a reduction in Rac1-induced cell spreading. 

In conclusion, these data underscore the relevance of the hypervariable region for Rac1 

signaling and indicate that this region acts in conjunction with the switch I and switch II regions, 

exposed upon GTP-binding, in the subcellullar targeting of Rac1. 
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intRoduction
The Rho family of small GTPases comprises 22 members, some of which show over 90% amino 

acid sequence identity (van Helden et al., 2012). RhoGTPases control the actin and microtubule 

cytoskeleton in addition to activating various protein kinases and regulating gene transcription 

(Tybulewicz and Henderson, 2009;Heasman and Ridley, 2008;Cernuda-Morollon and Ridley, 

2006;Hall, 1998). It is imperative that such diversity in functions requires tight spatio-temporal 

regulation. Like many other small GTPases, RhoGTPases are activated upon binding to GTP, 

a step which is catalyzed by guanine nucleotide exchange factors (GEFs), a group of over 80 

different members (Bos et al., 2007). GEF-mediated activation of RhoGTPases is accompanied 

by a conformational switch that allows interaction of the GTP-bound GTPase with a selection 

of effector proteins (Bishop and Hall, 2000). These effectors represent a large variety of 

cytoskeletal regulators (e.g. mDia), kinases (e.g. ROCK, PAK), enzymes such as the NADPH 

oxidase and adapter proteins, such as IQGAP. Binding to the activated GTPases promotes 

effector unfolding, translocation and/or activation, thus transmitting the signal down the 

pathway. Inactivation of Rho GTPases, in turn, requires GTP hydrolysis, an intrinsic activity 

that is promoted by so-called GTPase-activating proteins (GAPs) (Bos et al., 2007). Like the 

RhoGEFs, the RhoGAPs also represent a large (>80 members) and divers group of regulators, of 

which only a few, such as bcr or NF1 have been characterized in more detail. 

 Like many other GTP-binding proteins, RhoGTPases comprise a core G-domain and a 

hypervariable domain at their C-terminus (van Hennik et al., 2003). The remarkably high level of 

sequence homology between RhoGTPases occurs within the G-domain including the so-called 

effector domain in the N-terminus. This is the region that shows the largest conformational 

change upon activation and is generally accepted to mediate the interaction with effector 

proteins. As a consequence, some of the most highly related GTPases share effectors (Bishop 

and Hall, 2000). Yet, clear phenotypic differences are induced upon expression of activated 

GTPase mutants. A most striking example concerns Rac1 and Rac3 which show 100% sequence 

identity in the effector domain, but do induce opposite phenotypes upon expression in 

neuronal cells. These phenotypic differences could be directly linked to the GTPase-specific 

hypervariable C-terminus, as deduced from exchange experiments and the expression of 

chimeric proteins (Hajdo-Milasinovic et al., 2007). 

The hypervariable C-terminus of RhoGTPases also encodes the CAAX box (C, Cysteine, A, 

aliphatic amino acid, X, any amino acid) at the very C-terminus of the protein. The CAAX box is 

post-translationally modified by the attachment of a lipid to the cysteine residue and removal of 

the last three amino acids, followed by methylation (Der and Cox, 1991;Cox and Der, 1992;Roberts 

et al., 2008) . This lipid plays a key role in binding of most, but not all, inactive GTPases to the 

cytosolic chaperone RhoGDI, as well as in the binding of the activated RhoGTPases to vesicles 

or the plasma membrane (Boulter et al., 2010;Garcia-Mata et al., 2011;Roberts et al., 2008). 

Classically, subcellullar localization of RhoGTPases has been claimed to be mediated by the 

lipid anchor in conjunction with a basic region that mediates charge-dependent association 

to negatively charged membranes or membrane domains. However, Tolias et al. were among 

the first to show that the hypervariable C-terminus of Rac1 can also mediate protein-protein 

interactions (Tolias et al., 1995;Tolias et al., 1998). Our group has performed a series of studies 
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investigating this issue in more detail. The original hypothesis was that the hypervariable region 

would regulate specific binding of Rac1 to targeting proteins, certifying localized signaling. 

Whereas we could confirm this targeting function for the GEF β-PIX (Klooster et al., 2006), 

other proteins binding to the Rac1 hypervariable region, such as Caveolin1 and PACSIN2, play 

a role in Rac1 inactivation and ubiquitylation, rather than subcellullar targeting (Nethe et al., 

2010;de Kreuk et al., 2011). 

This suggests that the role of the Rac1 hypervariable region is more complex than originally 

anticipated. We therefore analyzed the role of this domain in Rac1 localization, activation and 

signaling in more detail. Using mutations in the hypervariable region in the context of the 

full-length Rac1 protein, we show that mutating limited portions of this region did not impair 

the targeting of activated Rac1 mutants to Focal Adhesions (FAs) or the binding to the Rac1 

effector, IQGAP1 (Fukata et al., 2002;Watanabe et al., 2004;Noritake et al., 2005). However, 

these mutations did affect a part of the downstream signaling of Rac1, as cells expressing these 

Rac1 proteins showed impaired cell spreading. We also generated a Rac1 version in which a 

normal hypervariable region was positioned away from the G-domain as a result of an insertion 

of GFP. This Rac1 variant did no longer localize to FAs and also showed impaired spreading. 

Together, these data suggest that the position and sequence of the hypervariable region in 

Rac1 plays an important role in the Rac1 targeting, the interaction with effector proteins, as well 

as the downstream signaling.

MateRialS and MethodS
antibodies and reagents

Antibodies against the following proteins were used: Anti-SET/I2PP2A (SC-25564, Santa Cruz 

Biotechnology), GFP (632381, Clontech), vinculin(V9131, Sigma), tubulin (T6199, Sigma), Rac1 

(Transduction laboratories), IQGAP (Millipore), mouse anti-HA, rabbit anti-HA and rabbit 

anti-myc (all from Sigma-Aldrich), mouse anti-myc (Invitrogen), F-Actin was detected using 

Texas-Red- or Alexa-Fluor-633-labeled phalloidin (Invitrogen). Secondary Alexa-Fluor-labeled 

antibodies for immunofluorescence were from Invitrogen.

cell culture and transfection

HeLa cells were maintained at 37°C and 5% CO2 in Iscove’s Modified Dulbecco’s Medium (IMDM, 

Gibco) enriched with 10% heat inactivated Fetal Calf Serum (FCS, Life Technologies, Breda, The 

Netherlands) and 100 U/mL penicillin and streptomycin. Cells were passaged by trypsinization. 

HeLa cells were transfected using TransIT®-LT1 Transfection Reagent (Mirus Bio) according to 

the manufacturers’ recommendations (ratio TransIT:DNA = 3:1), and allowed to express protein 

for at least 24 hours. 

expression constructs

Constructs encoding GFP and GFP or mCherry fusions of Rac1 and Rac1 mutants have been 

described previously (de Kreuk et al., 2011). The Trio D1 construct used to induce Rac1 

activation has been described previously (van Rijssel J. et al., 2012). For construction of 

myc-tagged Rac1Q61 GFP-C-term, eGFP was amplified by pcr from the clontech c1 backbone 
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using the following forward primer: 5’-GAGATCGGATCCGTGAGCAAGGGCGAGGAGC-3’ 

and the following reverse primer: 5’-CTACAAATGTGGTATGGC-3’. The N-terminal portion 

of myc- or HA-tagged Rac1 (myc-tagged wild type and HA-tagged Q61 and V12 versions, all 

in a pcDNA 3.1 vector) was amplified using the T7 forward primer and the following revese 

primer: 5’- GAGATCGGATCCGACTGCTCGGATCGCTTCG-3’. The Rac1 C-terminus was amplified 

using the following forward primer: 5’-GAGATCCTCGAGCTCTCTGCCCGCCTCCCGTG-3’ and 

the following reverse primer: 5’- TAGAAGGCACAGTCGAGG-3’. The C-terminal RKR mutation 

was introduced using the following reverse primer: 5’-GAGATCCTCGAGTTACAACAGCAG 

GCATTTTGCCGCCGCCTTCTTCAC-3’. The PPP mutation was introduced using the following 

reverse primer 5’-GAGATCCTCGAGTTACAACAGCAGCGATTTTCTCTTCCTCTTCTTCACGGCAG 

CCGCGCA-3’. All fusion constructs were confirmed by sequencing.

confocal laser scanning microscopy 

Cells were seeded onto fibronectin-coated glass coverslips, transfected with the indicated 

plasmids and after 24 hours fixed with 3.7% formaldehyde (Merck) in PBS for 10 minutes and 

permeabilized with 0.5% Triton X-100 in PBS for 5 minutes. Coverslips were then incubated for 

15 minutes with 2% BSA at 37°C. Immunostainings were performed at room temperature for 1 

hour with the indicated antibodies. Fluorescent imaging was performed with a confocal laser-

scanning microscope (LSM510/Meta; Carl Zeiss MicroImaging) using a 63× NA 1.40 or a 40× 

NA 1.30 oil lens (Carl Zeiss MicroImaging). Image acquisition was performed with Zen 2009 

software (Carl Zeiss MicroImaging). For live-cell imaging, cells were seeded on fibronectin-

coated glass coverslips, transfected with the indicated plasmids. After 24 hours, fluorescent 

imaging was performed. Figures were assembled using Adobe Photoshop CS5.

Rac1Gtp pull-down assay

HeLa cells transiently transfected with the indicated constructs (24 hours) were washed twice 

with ice-cold phosphate-buffered saline (PBS; Fresenius Kabi‘s Hertogenbosch, The Netherlands) 

(supplemented with 1 mM CaCl2 and 0,5 mM MgCl2) and lysed in NP-40 lysis buffer (i.e. 50 

mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgCl2, 10% glycerol and 1% NP-40) supplemented 

with protease inhibitors (Complete mini EDTA, Roche, Mannheim, Germany), centrifuged 

at 20,000 g for 10 minutes at 4°C. To determine Rac1 activity, we used a CRIB-peptide based 

pull-down as described previously (Price et al., 2003). Shortly, the cell lysates were incubated 

with a biotinylated Pak1-CRIB peptide (20 µg) in the presence of streptavidin-coated beads at 

4°C for 1 hour with rotation. Initial lysates and bound Rac1GTP were analyzed by SDS-PAGE and 

immunoblotting using specific monoclonal antibodies and HRP-coupled secondary antibodies.

immunoprecipitation 

HeLa cells were transiently transfected with the indicated myc or HA-tagged constructs 

and maintained for 24 hours. After lysing the cells as described under “Rac1GTP pull-down 

assay”, the lysates were then incubated with monoclonal anti-HA or anti-myc antibodies 

and protein G-agarose beads at 4°C for 2 hours. Samples were then washed 5 times with lysis 

buffer. Immunoprecipitated proteins were eluted by adding SDS sample buffer and heating 

at 95°C for 10 minutes. Protein association was assayed by SDS-PAGE and immunoblotting 
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using mouse anti-IQGAP antibodies, rabbit anti-HA and rabbit anti-myc antibodies and HRP-

coupled secondary antibodies.

electrical resistance measurements

For ECIS (Electrical Cell-substrate Impedance Sensing)-based cell spreading experiments, gold 

ECIS electrodes (8W10E, Applied Biophysics) were coated with 10 µg/ml fibronectin in 0.9% 

NaCl for 1 hour at 37°C. Next, HeLa cells were seeded at a concentration of 100,000 cells per 

well in 400 µl IMDM with 10% FCS. Impedance was recorded continuously at 40 kHz using ECIS 

model Zθ (theta). The increase in cell spreading was measured as a function of impedance. 

ReSultS
The hypervariable C-terminus of Rac1 is classically considered the key targeting domain controlling 

localized, Rac1-specific, signaling. We previously identified a series of Rac1 binding partners that 

associate to Rac1 through its C-terminus and showed differential requirements for the proline-

rich portion versus the polybasic region. These studies were largely based on the use of small 

peptides, encoding this domain or mutated variants thereof. In this study, we analyzed the effects 

of mutating the Rac1 hypervariable domain in the context of full-length, constitutively activated 

Rac1. In addition, we generated a Rac1 mutant in which a normal, not mutated C-terminal domain 

was separated from the N-terminal part of the protein by insertion of a GFP-encoding sequence. 

The key Rac1 mutants used in this study are schematically depicted in Figure 1. 

The first series of experiments were aimed at defining the localization of the different Rac1 

mutants in HeLa cells. Previously, we and others showed that activated, but not wild-type (WT) 

Rac1 localized to FAs (Klooster et al., 2006;Chang et al., 2007;Chang et al., 2011;Nethe et al., 

2010). We here compared the widely used Rac1Q61 mutant and the Rac1V12 mutant for their 

localization to FAs. Using vinculin as a bone fide FA marker, the results in Figure 2 show that 

both activated Rac1 localized to FAs. Since WT Rac1 does not localize to these structures, this 

suggests that activation of Rac1 is a central aspect of its subcellullar targeting. 

HVRac1

CPPPVKKRKRK - CLLL

CAAAVKKRKRK - CLLL

CPPPVKKAAAK - CLLL

Q61L

HVRac1WT/Q61L GFP

Rac1 Q61 WT

Rac1 Q61 PPP

Rac1 Q61 RKR

Rac1 WT/Q61 GFP-C-term

Younes, Lam et al., Figure 1

figure 1. Schematic overview of the various Rac1 mutants used in this study. Mutations are all made in the 
context of the full length Rac1 WT of Rac1 Q61 proteins. Mutants include Rac1 proteins in which: the three 
consecutive prolines in the hypervariable region are changed into alanines; three basic residues (RKR) 
from the polybasic region are changed into alanines; a GFP-encoding sequence is inserted in between the 
core G-domain and the unmutated hypervariable region. 
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In a previous study, we showed that mutating the C-terminal cysteine residue blocks 

membrane localization of Rac1 and unmasks a nuclear localization signal present in the 

polybasic region in the C-terminus (Lanning et al., 2004). We next tested whether mutating 

the two regions in the Rac1 C-terminus upstream of the CAAX box, i.e. the polybasic region and 

the proline-rich region (van Hennik et al., 2003;Saci et al., 2011), would affect Rac1 targeting 

to FAs. These mutations were analyzed in the context of full-length, active Rac1Q61 tagged at 

the N-terminus by mCherry. Unexpectedly, mutating part of the polybasic region to alanines 

(Rac1Q61 RKR, Figure 1, Figure 3A) did not impair targeting of activated Rac1 to FAs. Similarly, 

mutation of the three consecutive proline residues to alanines (Rac1Q61 PPP; Figure 3B) also did 

not impair targeting of activated Rac1 to FAs. This data is surprising, since all protein-protein 

interactions, we and others previously identified, that involve the Rac1 C-terminus, require the 

RKR sequence (Nethe et al., 2010;de Kreuk et al., 2011;de Kreuk et al., 2011;van Hennik et al., 

2003;van Duijn et al., 2010;Saci et al., 2011;Modha et al., 2008), whereas some also require the 

proline-rich region. The latter involve interactions through SH3 domains, such as for β-PIX, 

PACSIN2 and CD2AP (Klooster et al., 2006;de Kreuk et al., 2011;van Duijn et al., 2010).

figure 2. localization of activated Rac1 mutants. HeLa cells were transfected with constructs encoding 
mCherryRac1Q61 (panel A) or HA-tagged Rac1V12 (panel B) proteins (in red). After 24 hrs, cells were fixed 
and immunostained for the Rac1 mutants and for vinculin (green), as a marker for Focal Adhesions (FA) and 
Focal Contacts (FC). Both Rac1 activated mutants localized to peripheral FC. Rac1 activity in the transfected 
cells prevented formation of large, intracellular FA. 
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figure 3. localization of activated Rac1 c-terminal mutants. HeLa cells were transfected with constructs 
encoding activated mCherry Rac1Q61 proteins that carried mutations in the hypervariable region. (A) Two 
examples of the Rac1Q61 RKR mutant protein (red) are shown. This mutant of Rac1 does not induce a typical 
Rac1 phenotype characterized by extensive cells spreading (e.g. compare to Figure 2), but does localize 
to peripheral focal contacts and more centrally localized focal adhesions, identified by vinculin staining 
(green). (B) The Rac1Q61 PPP mutant protein induces a moderate spreading phenotype and, like the RKR 
mutant in (A), localizes to peripheral FC and more centrally localized FA.
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The Rac1 hypervariable C-terminus has originally not been considered an integral part 

of the overall 3D structure of Rac1, which is largely governed by the folding of the so-called 

G-domain (Schweins and Wittinghofer, 1994;Wittinghofer and Vetter, 2011). NMR-based 

analysis, however, has suggested that some of the residues in the Rac1 C-terminus, in particular 

the RKR sequence, can interact with Pro73 and Gln74 in the Rac1 Switch 2 region (Modha et al., 

2008). In addition, these authors showed that the Rac1 C-terminus can interact with the Rac1 

effector Protein kinase C-Related kinase 1 (PRK1). This suggests that the hypervariable domain 

does form an integral part of the overall Rac1 structure.

To test this in more detail, we constructed an activated Rac1Q61 mutant that has the 

sequence encoding GFP inserted just before the hypervariable C-terminus (Rac1Q61 GFP-C-

term), separating the hypervariable region from the core G-domain. No other mutations were 

introduced in this construct. In Figure 4A/B, we compared the FA targeting of the Rac1Q61 

protein with the localization of the Rac1Q61 GFP-C-term protein. Most notably, the Rac1Q61 GFP-

C-term protein was not observed in FAs. The protein localized clearly to the nucleus, but this 

was also observed for the other Rac1Q61 variants. In addition, part of the protein was localized 

in the cytosol. The Rac1Q61 GFP-C-term protein showed a tendency to associate to actin cables, 

in particular at the cell cortex, which is unusual for activated Rac1, which is normally found in 

FA’s. Together, these findings suggest that the positioning of the Rac1 C-terminus relative to 

the core G-domain is relevant for proper intracellular targeting to FAs. 

RhoGTPase activation requires GEFs that are usually equipped with membrane-anchoring 

domains, such as PH domains (Bos et al., 2007). Specific RhoGTPase signaling may well be 

governed by local activation by one or more GTPase-specific GEFs. To test if the hypervariable 

C-terminus plays a role in the activation of Rac1, we expressed a series of C-terminal mutants in 

the context of fluorescent protein (FP)-tagged, Rac1WT and examined whether these could be 

efficiently activated by a co-transfected GEF. For this we used a fragment of the large RhoGEF 

Trio, encoding the first GEF domain of Trio, i.e. TrioD1 (van Rijssel J. et al., 2012). We then 

detected Rac1GTP levels using a peptide encoding the PAK CRIB domain (Price et al., 2003). 

These experiments showed that TrioD1 efficiently activated FP-tagged Rac1 WT, inducing an up 

to 10-fold increase in GTP-Rac1 (Figure 5A). Mutating the Rac1 C-terminus either at the proline-

rich region or the polybasic region had little effect on the efficiency of Trio D1-mediated 

activation. However, the construct in which the C-terminus was separated from the G-domain 

by the GFP insertion, was much less efficiently activated. There were some differences in 

expression level of the various mutants, but these did not explain differences in activation. 

In addition, co-expression with Trio D1 increased expression of the Rac1WT PPP and Rac1WT 

RKR mutants, but this increase was corrected for in the quantization of these experiments 

(quantification in Figure 5B). 

To test the extent to which binding to an established Rac1 effector, IQGAP1, was dependent 

on an intact C-terminus, we performed a series of immunoprecipitation experiments using 

various Rac1 mutants and detected their association to endogenous IQGAP1. Figure 6A shows 

that activated Rac1V12, but not Rac1WT, associated efficiently with IQGAP1. Interestingly, a 

Rac1V12 PBRQ mutant, in which all 6 basic residues in the Rac1 C-terminus are replaced by Gln 

residues, did not associate to IQGAP1. We analyzed this association in more detail by expressing 

the Rac1V12 PPP and Rac1V12 RKR mutants. These experiments showed that these mutations 
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figure 4. localization of activated Rac1 requires proper positioning of the c-terminus. HeLa cells were 
transfected with constructs encoding activated mCherry Rac1Q61 protein (A) and the Rac1Q61 GFP-C-term 
mutant (B), in which a GFP moiety is inserted in between the G-domain and the hypervariable C-terminal 
region. This Rac1 version, does no longer localize to FA, as the Rac1 Q61 version does (A). Moreover, the 
Rac1Q61 GFP-C-term mutant shows association to actin cables, in particular at the periphery of the cell 
(zoomed images in panel B).
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did not impair the binding of activated Rac1 to IQGAP1 (Figure 6B). Finally, we used a series of 

Rac1Q61 mutants in which each individual amino acid of the hypervariable domain was mutated 

separately to alanine (Figure 6C). In line with the data in Figure 6B, these mutants all associated 

efficiently to endogenous IQGAP1. As a control, we show that the inactive Rac1N17 mutant does 

not interact with IQGAP1. Of note, separate experiments using a biotinylated peptide encoding 

the Rac1 hypervariable domain showed that this peptide does not bind endogenous IQGAP1 

(data not shown). Together, these data suggest that the entire Rac1 C-terminal domain is 

required, in conjunction with the conformation of the activated Rac1 G-domain, for binding to 

the effector IQGAP1. 

Finally, we tested the effects of the C-terminal mutations on Rac1-induced cell spreading. This 

was analyzed in a quantitative fashion using ECIS (Nethe et al., 2010;de Kreuk et al., 2011). The data 

in Figure 7A show that, as expected, expression of GFP-tagged Rac1Q61 promoted cell spreading 

as compared to the GFP-transfected controls. Expression of the various Rac1 C-terminal mutants 

(Figure 7B) did, to different extents, impair cell spreading. The PPP and RKR mutations in the 

context of the Rac1Q61 protein significantly impaired cell spreading and also the Rac1Q61-GFP-C-

term protein was not as efficient in inducing cell spreading as compared to the Rac1Q61 protein. 

These data show that the induction of cell spreading requires an intact Rac1 hypervariable region, 

which likely needs to be properly positioned relative to the core G-domain. 

figure 5. trio-mediated activation of Rac1 c-terminal mutants. (A) HeLa cells were transfected with 
the indicated Rac1 mutants in the absence or presence of co-transfected Trio D1. For this experiment the 
wild-type Rac1 construct was used to allow for Trio–mediated GTP loading. 24 Hrs following transfection, 
cells were lysed and activated Rac1 was isolated using a biotinylated CRIB peptide, as described in the 
materials and methods. Total cell lysates (TCL) were analyzed for active Rac1 by Western blotting. (B) 
Quantification shows that the PPP and RKR mutations in the hypervariable region do not dramatically 
impair Trio-mediated activation, whereas mispositioning of the C-terminus due to the GFP insertion 
reduces Trio-mediated activation by ~50%. 
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The ruffling behavior of GFP-C-term cells was analysed, using the method described in 

Chapter 5. There is no significant difference in number (#) and frequency of the ruffles, but the 

speed is slightly higher and length shorter in the GFP-C-term mutant. This indicated that ruffles 

start at the same moment, but they do not persist, which is consistent with the finding that Rac1 

activity is highest in this phase of the ruffle (Machacek et al., 2009). 

diScuSSion
The present analysis shows that the hypervariable C-terminus of Rac1 plays a complicated role 

in Rac1 function. Both the sequence as well as the position of this hypervariable region controls, 

in various ways and to different extent, the localization, activation and output of Rac1. 

figure 6. effector binding of Rac1 c-terminal mutants. (A) HeLa cells were transfected with the indicated 
Rac1 constructs that were subsequently isolated by immunoprecipitation using the HA-immunotag. 
Precipitated Rac1 proteins were analyzed for association to endogenous IQGAP1. Wild-type (WT) Rac1 does 
not bind to IQGAP1, in contrast to activated Rac1V12 mutant. (B) Mutations in the hypervariable C-terminus 
of the Rac1V12 PPP and Rac1V12 RKR mutants do not impair binding to endogenous IQGAP1. However, 
mutating the entire polybasic regions (Rac1V12 PBRQ) blocks association to endogenous IQGAP1. (C) 
Alanine-screen of the Rac1Q61 hypervariable region shows that individual mutations of this region do not 
impair binding to endogenous IQGAP1. EV, empty vector. 
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Rho GTPases harbor a post-translationally added C-terminal lipid anchor, which is, in inactive 

GTPases, important for the binding to the cytosolic chaperone RhoGDI (Hall, 1992;Olofsson, 

1999). For active GTPases, the same lipid anchor mediates membrane association, which 

is essential for proper downstream signaling and likely also for efficient GEF-dependent 

activation. These lipid anchors come in different forms (e.g. geranyl-geranyl; palmitoyl, etc) 

that do confer some specificity to GTPase signaling as these lipids direct the association to 

some, but not all membranes or membrane domains (Hancock, 2003;Hancock and Parton, 

2005). The same is true for constitutively membrane-associated GTPases such as those of the 

Ras family, that have two cysteine residues that are lipid modified. Most recently, also for Rac1 a 

second cysteine at position 178 was shown to be targeted for lipidation, in this case by palmitate 

(Navarro-Lerida et al., 2012). This modification did not affect GDI binding, but was found to be 

required for efficient Rac1-GTP loading and for consequent cell spreading and migration. In 

addition, a Rac1-mutant that was palmitoylation-deficient showed a reduced portioning into 

so-called liquid-ordered, cholesterol-rich membrane domains. These are the domains to which 

activated Rac1 translocates to following stimulation of cells with growth factors or adhesion to 

matrix proteins (del Pozo et al., 2004;del Pozo et al., 2000;del Pozo et al., 2002).

Although lipid anchor-controlled GTPase association to membrane subsets may well drive 

signaling specificity, the fact that the C-terminus of different, highly homologous RhoGTPases, 

shows such high sequence variability has generally been assumed to be a key aspect that is 

instrumental in driving protein association-mediated specific downstream signaling. Work 

from our lab and others has identified an extensive range of proteins that associate to the Rac1 

hypervariable domain. The original hypothesis was that such proteins would be instrumental 

for the subcellullar targeting of Rac1. One of the most discrete localizations of activated Rac1 is 

figure 7. Mutations in the Rac1 hypervariable c-terminus impair Rac1-induced spreading. HeLa cells 
were transfected with GFP or the indicated Rac1 mutants and were seeded, 24 hrs after transfection, on 
gold ECIS electrodes for quantitative analysis of cell spreading. (A) Cells expressing empty GFP (black), 
GFP-Rac1Q61 (red) or Rac1Q61 GFP-C-term (blue) show that whereas activated Rac1Q61 promotes cell 
spreading, the mutant carrying the GFP insertion show reduced cell spreading within the first 0.5 - 4.5 hrs 
after seeding. (B) Cells expressing GFP-Rac1Q61 (black), GFP-Rac1Q61 PPP (red), GFP-Rac1Q61 RKR (green) 
or Rac1Q61 GFP-C-term (blue) show that all mutants of the Rac1 C-terminus impair cell spreading. 
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at FAs (Nethe et al., 2010), where integrins mediate the adhesion of the cell to the underlying 

extracellular matrix. Integrin activation induces Rac1 activation, so the targeting of Rac1 appears 

functionally relevant (del Pozo et al., 2000;del Pozo et al., 2002). Moreover, we found the FA-

associated Rac1-GEF β-PIX to mediate targeting of Rac1, at least towards the plasma membrane 

(Klooster et al., 2006). However, our current analysis shows that relatively large mutations 

within the Rac1 C-terminus (3 out of 10 amino acids), in the context of full-length activated 

Rac1, have little effect on the targeting of the protein to FAs. This includes mutations in the 

proline-rich region, which is required for binding of Rac1 to β-PIX. It is important to underscore 

in this context that activated GTPases are not supposed to bind GEFs, suggesting that the 

targeting of Rac1 by β-PIX is particularly relevant prior to Rac1 activation (Etienne-Manneville 

and Hall, 2002;Bos et al., 2007). These data further suggests that the Rac1 C-terminus only plays 

a limited role in subcellullar targeting to these sites. Since wild-type, not activated Rac1, does 

not associate to FAs, it appears the activity as such and/or the location of the GEFs is a more 

critical determinant for the localization of activated Rac1. 

Also the activated Rac1 mutant with a RKR-AAA mutation in the hypervariable region did 

not show impaired localization of Rac1 to FAs. This is surprising, since this sequence is, based 

on the peptide-binding assays that we have performed, required for the association of Rac1 

to most, if not all, C-terminus-interacting proteins. This would suggest that these proteins do 

not serve as Rac1 targeting proteins. Similarly, this would also indicate that the hypervariable 

C-terminus does not serve a major role in Rac1 targeting. To address this issue, we mis-

positioned the normal, unmutated Rac1 C-terminus, by insertion of a GFP-encoding sequence 

in the background of both wild-type and activated Rac1 mutants. This configuration resembles 

that of the so-called Raichu probes that have been widely used for the analysis of Rac1 activation 

in live cells (Itoh et al., 2002;Nakamura et al., 2006). Surprisingly, this Rac1Q61-GFP-C-term 

figure 8. Mislocalisation of the Rac1 c-terminus modulates ruffle dynamics. HeLa cells were transfected 
with GFP-Rac1Q61 or Rac1Q61 GFP-C-term and the ruffle dynamics were analysed (see text for details). 
There is no significant difference in number (#) and frequency of the ruffles, but the speed is slightly higher 
and length shorter in the GFP-C-term mutant. 
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protein did not localize to FAs, indicating that activity of Rac1 per se is not sufficient for Rac1 

localization, but that the relative position of the hypervariable domain is important. In addition, 

a wild-type version of Rac1 was found to be less efficiently activated by the GEF Trio. The PPP 

and RKR mutants of wild type Rac1 were activated normally. This data further underscores the 

relevance of the positioning of the C-terminus for GEF-mediated activation and also shows that 

a normal Rac1 hypervariable region is, unlike the corresponding region of Ras, insufficient for 

proper intracellular targeting.

The various activated Rac1 mutants that we used in this study all showed reduced induction 

of cell spreading. This was also found for the PPP and RKR mutants that showed normal FA 

targeting. These results also separate localization, e.g. at FAs, from the full induction of a 

phenotype, in this case cell spreading. This may be, to a limited extent, due to effector binding. 

We addressed this, analyzing the binding activity of the mutants to endogenous IQGAP1 as a 

proof of principle. IQGAP1 binds very efficiently and selectively to activated Rac1. The PPP and 

RKR mutants of activated Rac1 bound to IQGAP1 efficiently, but when a PBRQ mutant was used, 

in which all basic residues in the C-terminus are mutated to Gln residues, IQGAP1 binding was 

lost. The Rac1 C-terminal peptide does not bind to IQGAP1, which shows that the hypervariable 

C-terminus is required, but not sufficient, for IQGAP1 binding. 

Together, these data suggest that the hypervariable C-terminus of Rac1 is required for 

efficient effector binding and signaling. The position of the C-terminus relative to the core 

G-domain is important for proper localization of Rac1, even in a constitutively activated Rac1 

protein. This is in agreement with the findings data of Modha et al., (Modha et al., 2008), who 

previously proposed that the hypervariable C-terminus of Rac1 can contact residues in the 

switch II region, which shows conformational change upon GTP loading of Rac1. Therfore, this 

study uncovers an unsuspected role of the Rac1 hypervariable region, acting in concert with the 

G-domain to mediate the activation, the FA-targeting and the downstream signaling of Rac1.
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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. 
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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. 
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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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nedeRlandSe SaMenVattinG
Het vakgebied van de celbiologie probeert de machinerie die het gedrag en de beweging van cellen 

bestuurt in kaart te brengen en te begrijpen. Daarbij wordt gebruik gemaakt van biochemische 

en biofysische technieken naast weefselkweek en studies in levende dieren zoals fruitvliegjes, 

zebravissen, muizen en ratten. Ook beeldvormende technieken zoals hoge-resolutie microscopie 

zijn in toenemende mate van belang voor de celbiologie. Niet alleen om mooie foto’s van cellen 

(of delen daarvan) te maken, maar juist ook om wetenschappelijke hypotheses te toetsen. Wat 

we meten met een microscoop, moeten we dus behandelen als data. In dit proefschrift worden 

voorbeelden gegeven van analyses die zijn uitgevoerd op data van levende cellen.

Het aantal verschillende eiwitten in de cel is heel groot (tot wel 20.000). Met behulp van 

moleculaire technieken is het mogelijk om aan specifieke eiwitten een fluorescent ‘vlaggetje’ 

vast te maken en die eiwitten dan door cellen aan te laten maken. Het fluorescente vlaggetje kan 

licht uitzenden wat het mogelijk maakt het eiwit ook in de cel te zien. Vervolgens kunnen, met 

behulp van specifieke microscopische technieken, deze eiwitten en hun bewegingen in de cel 

zichtbaar worden gemaakt. Het voordeel is dat je een enkel eiwit op een donkere achtergrond 

kunt zien, zodat je dat eiwit in levende cellen kunt volgen in de tijd  en in de verschillende 

delen (compartimenten) van de cel. De huidige microscopen maken steeds meer gebruik van 

computers, software en beeldanalyse om de gemeten data (lees: de microscopische foto’s) 

te interpreteren. De nieuwste technieken die verder gaan dan de zogenaamde theoretische 

resolutie limiet, zijn zelfs niet mogelijk zonder enorme berekeningen en analyses ‘on-the-fly’. 

Hoewel dit type ‘superresolutie-microscopie’ in dit onderzoek nog niet is gebruikt zal die 

techniek in de toekomst steeds meer onderdeel van celbiologisch onderzoek zijn.

De afdeling Moleculaire Celbiologie van Sanquin Research, waar het onderzoek dat in 

dit proefschrift staat, is uitgevoerd, is geïnteresseerd in celhechting en celbeweging. Welke 

signalen binnen en buiten de cel zorgen ervoor dat een cel ‘weet’ waar hij naar toe moet? Hoe 

wordt de balans tussen te veel en te weinig celhechting geregeld? Hoe wordt in een cel de 

polariteit (het vormen van een voor- en achterkant) verzorgd? Antwoorden op deze vragen zijn 

belangrijk voor ons inzicht in de ontwikkeling en groei van weefsels en organen, het helen van 

wonden en ook voor de functie van gespecialiseerde cellen die betrokken zijn bij afweer tegen 

ziekteverwekkers zoals bacteriën. 

Een belangrijke rol voor het sturen van celbeweging is weggelegd voor de Rho-GTPase 

eiwitfamilie. Met name het RhoGTPase Rac1 werkt in het cellulaire signaleringsnetwerk zoals 

een ‘hub’ of ‘switch’ in een computernetwerk: een plek waar signalen binnenkomen en op de 

juiste plaats worden doorgestuurd naar de eiwitten die het skelet van de cel in beweging zetten. 

Het Rac1 eiwit kan dan ook ‘uit’ of ‘aan’ staan, wat in de cel nauwkeurig wordt gereguleerd. 

Vanwege deze rol van Rac1 als centrale schakelaar staat Rac1 dan ook in contact met een groot 

aantal eiwitten in de cel. Eén van de eiwitten die in verbinding staan met Rac1 is SET. SET is 

voor het eerst ontdekt in cellen van een leukemiepatiënt, waarin SET een rol lijkt te spelen in 

het ontstaan van kanker. SET is een eiwit dat voornamelijk in de kern van de cel zit, maar SET 

kan ook buiten de kern, in het cytoplasma van cellen voorkomen. SET heeft dan ook een groot 

aantal verschillende functies zowel binnen als buiten de kern. Deze functies zijn bijvoorbeeld 

de regulatie van gen transcriptie, van de acetylering van histon-eiwitten en de remming van 
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een veel voorkomend eiwit-fosfatase, PP2A. Ons onderzoek heeft laten zien dat SET – als het 

uit de kern komt – het samen met Rac1 celbeweging kan bevorderen, een nieuwe functie voor 

het SET eiwit die nog niet eerder was beschreven. 

In dit proefschrift wordt allereerst het interactienetwerk van Rac1 beschreven. Dit is geen 

statisch netwerk, maar het bestaat uit een groot aantal verbindingen tussen eiwitten die 

meestal kort duren en verschillen, afhankelijk van het betreffende compartiment van de cel. 

Aan de C-terminale kant van het Rac1 eiwit zitten een aantal aminozuren die andere GTPases 

niet hebben, de zogenaamde hypervariabele regio. Juist deze aminozuren kunnen voor 

specifieke interacties van Rac1 met andere eiwitten in de cel zorgen. hoofdstuk 2 geeft een 

overzicht over de literatuur van de afgelopen 20 jaar die deze bewering ondersteunt.

Eén van de bevindingen is een model waarin Rac1, wanneer het actief is, SET rekruteert 

vanuit de celkern naar het cel cytoplasma. Deze signaleringsroute is een nieuw concept binnen 

de celmigratie. Met behulp van fluorescentie-microscopie hebben we in hoofdstuk 3 gekeken 

naar de beweging van SET uit de kern. We hebben dit gedaan door levende cellen gedurende 

langere tijd (bijvoorbeeld overnacht) te bestuderen. Uit deze studies werd duidelijk dat een deel 

van het SET eiwit dat zich in de kern bevindt, zich ook spontaan naar het cytoplasma verplaatst. 

We hebben gezien dat dit spontane proces in spreidende en in delende cellen optreedt. Ook 

hebben we een beeldanalyse methode ontworpen om transport van eiwitten uit de kern naar 

het cytoplasma te kwantificeren. Door eerdere waarnemingen te reproduceren, werd deze 

methode gevalideerd en we hebben vervolgens de methode gebruikt om de verplaatsing van 

het SET eiwit vanuit de kern naar het cytoplasma te beschrijven. 

In hoofdstuk 4 wordt een serie experimenten beschreven waarin de translocatie van SET uit 

de celkern naar het cytoplasma in meer detail is bestudeerd. Met behulp van de beeldanalyse 

methode uit hoofdstuk 3 hebben we gevonden dat Rac1 activiteit de frequentie van dit fenomeen 

bevordert. Het lijkt er dus op dat actief Rac1 SET naar het cytoplasma haalt, de plaats waar Rac1 

zelf het meest actief is, om de aansturing van celbeweging te bevorderen. Ook FTY720, een klein 

molecuul dat door de FDA toegestaan is om gebruikt te worden voor de behandeling van Multiple 

Sclerose, stimuleert de uittreding van SET uit de celkern naar eiwitaggregaten in het cel cytoplasma. 

De reden om het FTY720 molecuul te testen in onze studies was dat FTY720 een activator is van het 

PP2A fosfatase eiwit. Omdat SET een remmer is van PP2A lag het voor de hand te zien of de locatie 

van SET zou worden beïnvloedt door een molecuul als FTY720. Met behulp van verschillende 

‘remmers’ hebben we vervolgens gevonden dat het effect van FTY720 op de lokalisatie van SET 

afhankelijk is van kernexport (vooral het kern-transporteiwit CRM1), van fosfatase activiteit (PP2A) 

en van het intracellulaire transportnetwerk dat wordt gevormd door zogenaamde microtubuli.

Ons eerdere onderzoek heeft dus laten zien dat Rac1 activiteit celmigratie bevordert en dat 

Rac1 SET naar het cytoplasma en voor een deel naar het celmembraan rekruteert. Een andere 

onderzoeksgroep heeft een mutant van SET beschreven die zich voornamelijk buiten de kern 

bevindt. Wij hebben zelf deze mutant van SET ook gemaakt en beschrijven in  hoofdstuk 5 

een serie experimenten waarin wordt bekeken wat het effect is van deze mutatie en het feit 

dat SET zich voornamelijk buiten de kern bevindt. Cellen die het SET eiwit met deze mutatie 

aanmaken blijken inderdaad beter de spreiden en sneller te bewegen. Ook is het celmembraan 

meer beweeglijk, zoals we met gedetailleerde microscopie van levende cellen hebben 
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kunnen meten. Deze resultaten passen dan ook goed bij het model waarin Rac1 SET naar de 

celmembraan haalt om celbeweging te bevorderen.

Tenslotte wordt in hoofdstuk 6 beschreven hoe het SET-bindende deel van het Rac1-eiwit de 

lokalisatie van Rac1 in de cel beïnvloed. Deze hypervariabele regio zorgt ervoor dat Rac1 aan het 

celmembraan kan hechten, en dat het Rac1 eiwit aanwezig is op de plaats waar de cel zich vasthoudt 

aan de ondergrond (door middel van zogenaamde ‘Focal Adhesions’). Als deze Rac1-regio mutaties 

bevat, of op een andere plaats ten opzichte van de rest van Rac1 gezet wordt, kunnen cellen minder 

goed spreiden. Dit geeft aan dat de positie en de aminozuurvolgorde van deze regio in Rac1 belangrijk 

is voor zijn functie in celbeweging. Deze kennis is ook relevant voor het ontwerpen van zogenaamde 

‘biosensors’ waarmee eiwit-activiteiten in levende cellen worden gemeten, omdat hiervoor vaak 

delen van eiwitten, waaronder Rac1, van positie worden veranderd.

SET is een eiwit dat veel verschillende functies heeft in de cel. Dit soort eiwitten met meerdere 

functies vormen een uitdaging voor het beschrijven van de cel in een kinetisch/dynamisch 

model. Deze modellen zijn vaak uit delen (‘modules’) opgebouwd, omdat dit evolutionair 

gezien de meest aannemelijke structuur is. De vraag blijft echter hoe dit zich verhoudt tot de 

herleidbaarheid en specificiteit van de complexiteit van biologische systemen. Dit blijft een 

fascinerend onderwerp en meer onderzoek is nodig naar de informatie-inhoud, de chemische 

en de fysische eigenschappen van de cel – de kleinste eenheid van leven. Hierbij blijft het 

belangrijk om de beperking van wetenschappelijke objectiviteit te beseffen, wat zich voor een 

groot deel uit in de beperkingen van de meetmethode. Het ontwikkelen en doceren van deze 

methoden is dan ook onze eerste verantwoordelijkheid. Imaging is everything.
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