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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. 
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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.
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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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