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1 The immunomodulating agent FTY720 is a substrate for the sphingosine kinase and the
phosphorylated form is able to bind to sphingosine 1-phosphate (S1P) receptors. In this study, we
show that exposure of renal mesangial cells to phospho-FTY720 leads to a rapid and transient
activation of several protein kinase cascades, including the mitogen- and stress-activated protein
kinases. The nonphosphorylated FTY720 also increased MAPK phosphorylation, but with a reduced
potency and a more delayed time course. In addition, phospho-FTY720 and FTY720 are able to
increase phosphorylation of Smad proteins which are classical members of the transforming growth
factor-b (TGF-b) signalling device, thus suggesting a crosstalk between FTY720 and TGF-b
signalling.

2 Pretreatment with the S1P3 receptor antagonist suramin inhibits FTY720 and phospho-FTY720-
induced Smad phosphorylation, whereas pertussis toxin pretreatment, which blocks Gi/0 proteins, has
no effect on Smad phosphorylation.

3 Since TGF-b is a potent profibrotic cytokine in mesangial cells and upregulates the connective
tissue growth factor (CTGF) and collagen as important hallmarks in the fibrotic sequelae, we
investigated whether FTY720 and phospho-FTY720 are able to mimic these effects of TGF-b. Indeed,
FTY720 and phospho-FTY720 markedly upregulate CTGF and collagen type IV protein expressions.
In addition, the tissue inhibitor of metalloproteinase-1 is transcriptionally activated by FTY720,
whereas cytokine-induced matrix metalloproteinase-9 is down-regulated by FTY720.

4 Depletion of the TGF-b receptor type II by the siRNA transfection technique blocks not only
Smad phosphorylation but also CTGF upregulation. Similarly, Smad-4 depletion by siRNA
transfection also abrogates CTGF upregulation induced by FTY720 and phospho-FTY720.

5 In summary, our data show that FTY720 and phospho-FTY720 not only activate the Smad
signalling cascade in mesangial cells, but also upregulate the expression of CTGF and collagen. These
findings suggest that FTY720 may have additional effects besides the established immunomodulatory
action and, importantly, a profibrotic activity has to be considered in future experimental approaches.
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Introduction

Renal mesangial cells are involved in the regulation of the

glomerular filtration as well as in the preservation of the

structural integrity of the glomerulus. In addition, mesangial

cells play an important role in most pathological processes of

the renal glomerulus (Pfeilschifter, 1989; 1994; Kashgarian &

Sterzel, 1992). Several proinflammatory functions of mesangial

cell have been established. The three most prominent include

(i) increased extracellular matrix production, (ii) increased

inflammatory mediator production, and (iii) increased mesan-

gial cell proliferation, which are all hallmarks of many forms

of glomerulonephritis, finally leading to glomerulosclerosis

(Pfeilschifter, 1989; 1994). However, the detailed mechanisms

underlying these cell responses are still not completely under-

stood. A particularly important factor in the mechanism of

matrix accumulation is the transforming growth factor-b
(TGF-b), whose production is highly induced in many fibrotic
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diseases, including atherosclerosis and fibrosis of the kidney,

liver and lung (Kitamura & Suto, 1997; Leask & Abraham,

2004; Agrotis et al., 2005).

The connective tissue growth factor (CTGF) is a newly

identified growth factor which is also thought to play an

important role in wound repair and fibrosis (Leask &

Abraham, 2003). It belongs to the family of CCN (cysteine-

rich 61 (Cyr61), CTGF and neuroblastoma overexpressed

(Nov) immediate early genes) and is proposed to stimulate

fibroblast proliferation, matrix production and granulation

tissue formation (Perbal, 2004). Furthermore, it may promote

cell adhesion and migration of many cell types, although the

mechanisms remain unclear (Shimo et al., 1999; Crean et al.,

2004). Similar to TGF-b, CTGF is also significantly upregu-

lated in fibrotic diseases including glomerulosclerosis (Gupta

et al., 2000). Thus, it is not surprising that TGF-b is so far the

best described stimulator of CTGF expression in many cell

types, although other factors such as angiotensin II, lysophos-

phatidic acid and sphingosine 1-phosphate (S1P) have also

been described.

Recently, a novel immunomodulating agent has been

introduced, FTY720, which is a derivative of myriocin (also

known as ISP-1), a metabolite of the fungus Isaria sinclairii

(Brinkmann et al., 2000; Kiuchi et al., 2000). The detailed

mechanism of immunosuppressive action of FTY720 is still

not completely understood, although a characteristic depletion

of circulating lymphocytes in the peripheral blood is observed

with an acceleration of lymphocyte homing into peripheral

lymph nodes. Later, it was discovered that FTY720, which

has a sphingosine-like chemical structure, can function as a

substrate for the sphingosine kinases to become phosphory-

lated (Brinkmann et al., 2002; Mandala et al., 2002). This

phosphorylation not only occurs in vitro but can also be

detected in vivo in the blood of mice and rats after

administration of FTY720 (Brinkmann et al., 2002; Mandala

et al., 2002). The phosphorylated form of FTY720 exerted the

same immunosuppressive effects as FTY720 itself, suggesting

that FTY720 is only a prodrug and its application leads

to intracellular phosphorylation of the substance to the active

form. Interestingly, the phosphorylated form of FTY720 is

able to bind to S1P receptors (also denoted as endothelial

differentiation gene (Edg) receptors), thus rendering it a

potentially useful agonist of the S1P receptors (Brinkmann

et al., 2002; Mandala et al., 2002). Moreover, differential

binding affinities have been shown for the S1P4/Edg-6

receptor, which exerts a 20-fold higher affinity for the

phospho-FTY720 than for the natural ligand S1P (Mandala

et al., 2002). In contrast, the S1P2 receptor only binds S1P but

does not bind phospho-FTY720. Moreover, FTY720 has been

suggested to be a competitive inhibitor of S1P-induced

chemotaxis in T cells (Graeler & Goetzl, 2002). Opposite to

this proposed antagonistic effect of FTY720 on S1P receptors,

it was also reported that, in in vitro S1P receptor-binding

studies, FTY720 shows a KD value of 300 nM for the S1P1

receptor (Mandala et al., 2002). This would rather imply an

agonistic effect of FTY720 at higher concentrations.

The sphingolipid S1P has attracted a lot of interest during

the previous years because of its capability to trigger many

important cellular responses, including proliferation (Zhang

et al., 1991; Olivera & Spiegel, 1993), differentiation (Vogler

et al., 2003), cytoprotection (Manggau et al., 2001) and cell

migration (Wang et al., 1999). These cell responses are mainly

mediated by S1P binding extracellularly to specific cell surface

receptors. However, despite the existence of these cell

membrane receptors, S1P generated inside the cell can also

trigger intracellular events independent of the Edg receptors

(van Brocklyn et al., 1998; Meyer zu Heringdorf et al., 2003),

although the identity of these putative intracellular targets of

S1P still remains to be unvealed.

In this study, we show that FTY720 and its phosphorylated

derivative phospho-FTY720 are able to crossactivate the

TGF-b signalling pathway in renal mesangial cells and lead

to increased phosphorylation of Smad-1, -2 and -3 proteins.

Furthermore, FTY720 and phospho-FTY720 are equally

potent in inducing CTGF and collagen type IV, which are

hallmarks in the fibrotic sequelae, thus suggesting that the

therapeutic use of FTY720 may not only cause immuno-

modulation but also eventually trigger additional unwanted

cell and tissue responses.

Methods

Chemicals

FTY720, phospho-FTY720 and TGF-b2 were kindly donated

by Novartis Pharma Ltd, Basel, Switzerland; phospho-specific

antibodies against p42/p44-MAPK, JNK, p38-MAPK, phos-

pho-Smad-1(Ser463/465) and phospho-Smad-2(Ser465/467) and

total Smad-2 were from Cell signalling, Frankfurt am Main,

Germany; the TGF-bRI kinase inhibitor and the total

polyclonal anti-human Smad-1 antibody (directed against

amino-acid residues 147–258 of human Smad-1) were from

Merck Biosciences, Schwalbach, Germany; the total Smad-3

antibody (FL-425) and the collagen type IV (H-234) anti-

body were from Santa Cruz, Heidelberg, Germany; the

neutralizing pan-specific TGF-b antibody and the TGF-b
ELISA were from Biosource Deutschland GmbH, Solingen,

Germany; [35S]methionine/cysteine pro-mixture (specific activity

41000Cimmol�1), [a-32P]dCTP (specific activity 3000Cimmol�1),

protein A sepharose 4B, anti-rabbit and anti-mouse horseradish

peroxidase-linked IgGs and Hyperfilm were purchased from

Amersham Pharmacia Biotech Europe GmbH, Freiburg,

Germany; all cell culture nutrients were from Gibco, Karls-

ruhe, Germany.

Cell culture

Rat renal mesangial cells were isolated from kidneys of male

Sprague–Dawley rats (70–100g body weight), and cultivated

and characterized as described previously (Pfeilschifter et al.,

1986). Passages 8–23 were used for the experiments in this study.

Cell stimulation and Western blot analysis

Confluent mesangial cells in 60-mm-diameter dishes were

stimulated with the indicated substances in Dulbecco’s

modified Eagle medium (DMEM) containing 0.1mgml�1 of

fatty-acid-free bovine serum albumin. Thereafter, the medium

was withdrawn and the cells washed once with ice-cold

phosphate-buffered saline solution. Cells were scraped into

ice-cold lysis buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl,

10% glycerol, 1% Triton X100, 2mM EDTA, 2mM EGTA,

40mM b-glycerophosphate, 50mM sodium fluoride, 10mgml�1
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leupeptin, 10mgml�1 aprotinin, 1mM pepstatin A, 1mM

phenylmethyl sulphonyl fluoride) and homogenized by 10

passes through a 26-G needle fitted to a 1ml syringe. Samples

were centrifuged for 10min at 14,000� g and the super-

natant was taken for protein determination. Cell extracts

containing 50mg of protein were prepared in SDS-sample

buffer and subjected to SDS–PAGE. Proteins were transferred

on to nitrocellulose and immunostaining was performed as

described previously in detail (Huwiler et al., 2000). Antibodies

were diluted in blocking buffer as indicated in the legends of the

figures. Bands were detected by the enhanced chemilumines-

cence (ECL) method as recommended by the manufacturer.

Metabolic labelling of cells and immunoprecipitation

Confluent cells in 100-mm-diameter dishes were incubated in

methionine-free DMEM in the absence or presence of the

indicated stimuli for 24 h. For the last 4 h of incubation,

[35S]methionine/cysteine mixture was added (140 mCi per

plate). After labelling, cells were processed exactly as described

previously (Franzen et al., 2001). For immunoprecipitation, an

anti-collagen type IV antibody was used at a dilution of 1 : 200.

Northern blot analysis

Total cellular RNA was extracted from mesangial cells using

Trizol reagent (Invitrogen, Karlsruhe, Germany), and RNA was

hybridized following standard procedures using probes for rat

tissue inhibitor of metalloproteinase-1 (TIMP-1), matrix metallo-

proteinase-9 (MMP-9) and glyceraldehyde 3-phosphate dehydro-

genase (GAPDH) as described previously (Eberhardt et al., 2000).

Cell transfections

Gene silencing was performed using sequence-specific siRNA

reagents of: rat Smad-4 (AAUACACCGACAAGCAAUGAC

dTdT and GUCAUUGCUUGUCGGU-GUAUUdTdT);

rat TGF-bR II (AAAGUCGGUUAACAGCGAUCUdTdT

and AGAUCGCUGU-UAACCGACUUUdTdT). Mesangial

cells were transfected at approximately 50% confluency with

200 nM of the 21-nucleotide duplexes using OligofectAMINE

as recommended by the manufacturer (Dharmacon Research

Inc., Boulder, CO, U.S.A.). After 48 h cells were stimulated as

indicated in the figure legends. The silencing efficiency was

detected by Western blot analyses using specific antibodies.

Statistical analysis

Statistical analysis was performed using one-way analysis of

variance (ANOVA) followed by a Bonferroni’s post hoc test

for multiple comparisons (GraphPad InStat version 3.00 for

Windows NT, GraphPad Software, San Diego, CA, U.S.A.).

Results

FTY720 and phospho-FTY720 activate the different
MAPK cascades

Stimulation of mesangial cells with a low concentration

(100nM) of phospho-FTY720 leads to an increased phosphory-

lation and hence activation of the classical p42/p44-MAPKs

with a maximal effect at 10–15min (Figure 1). The same

concentration of the nonphosphorylated FTY720 causes a

more delayed and less pronounced activation of p42/p44-

MAPK with a maximum at 20–30min (Figure 1). When

increasing the concentration of phospho-FTY and FTY720,

the maximal activation of the p42/p44 is shifted towards earlier

time points. It is worth noting that FTY720 does not achieve

> phospho-p42/p44

> phospho-p42/p44

> phospho-p42/p44

100nM

1µM

3µM

3µM

[conc.]
Co 2′  5′ 10′ 15′ 20′ 30′  2′  5′ 10′15′  20′ 30′

FTY720  phospho-FTY

> total p42/p44

Figure 1 Effect of FTY720 and phospho-FTY720 on p42/p44-
MAPK activation in renal mesangial cells. Quiescent mesangial cells
were stimulated with either vehicle (Co, 10min) or FTY720 and
phospho-FTY720 at concentrations of 100 nM each (upper panel),
1 mM (middle panel) and 3 mM (lower panel) for the indicated time
periods (in min). Thereafter, cells were harvested and Western blot
analyses were performed using an anti-phospho-specific antibody
against p42/p44-MAPK at a dilution of 1 : 1000. Bands were
detected by the ECL method according to the manufacturer’s
recommendation. Data are representative of three independent
experiments giving similar results.

Co  2 5   10  20  30  60 Co 2  5   10 20   30  60  (minutes)

FTY720    phospho-FTY720

< p-p38-MAPK

< p-p45-JNK

< p-Ser473 PKB

< total p38-MAPK

< total p45-JNK

< total PKB

Figure 2 Effect of FTY720 and phospho-FTY720 on SAPK/JNK,
p38-MAPK and PKB activation in renal mesangial cells. Quiescent
mesangial cells were stimulated with either vehicle (Co, 10min) or
FTY720 and phospho-FTY720 at concentrations of 3 mM for the
indicated time periods (in min). Thereafter, cells were harvested and
Western blot analyses were performed using an anti-phospho-
specific antibody against the p45-SAPK/JNK, p38-MAPK and
Ser473-PKB at dilutions of 1 : 1000 each. Bands were detected by the
ECL method according to the manufacturer’s recommendation.
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the maximal level of MAPK phosphorylation triggered by

phospho-FTY, thus suggesting that FTY720 is only a partial

agonist.

A similar differential effect of phospho-FTY and FTY720

is also seen for the activation of the stress-activated protein

kinase p45 (SAPK)/JNK (Figure 2). In contrast, the stress-

activated p38-MAPK and the protein kinase B/Akt (PKB) are

activated by both substances, phospho-FTY and FTY720,

over the same time period and to the same extent. During the

whole stimulation period, the total amounts of the different

protein kinases did not change.

Since we recently identified the Smad signalling cascade as

an additional S1P-triggered pathway, we further investigated

whether FTY720 and phospho-FTY720 can phosphorylate

and activate the Smad proteins. As seen in Figure 3a, both

substances induce increased phosphorylation of Smad-1 at

Ser463 and Ser465, and of Smad-2 at Ser465 and Ser467, although

the effect is more pronounced for Smad-1, which is considered

to be mainly activated by bone morphogenic proteins (BMPs),

but also by TGF-b (Goumans et al., 2002; Shi & Massagué,

2003). This indicates that FTY720 derivatives are able to

crossactivate the TGF-b signalling device, reminiscent of the

S1P effect on Smad activation (Xin et al., 2004a). Since

no phospho-specific antibodies against Smad-3 are available,

in vivo 32P-labelled cells were stimulated and subjected to

immunoprecipitation with an anti-Smad-3 antibody. Figure 3b

shows that 10min of FTY720 and phospho-FTY720 stimula-

tion significantly enhanced phosphorylation of Smad-3,

although TGF-b2 stimulation leads to the most potent

phosphorylation of Smad-3.

In a further attempt to characterize the S1P receptor subtype

involved in the crossactivation of the Smad signalling cascade,

suramin was tested, which is a selective S1P3 antagonist

when compared to the other S1P receptor subtypes (Ancellin &

Hla, 1999). Suramin pretreatment completely blocks phospho-

FTY- and FTY720-stimulated Smad-1 phosphorylation

(Figure 4a). By contrast, pertussis toxin, an inhibitor of Gi/o

proteins (Hewlett et al., 1983), has no inhibitory effect

(Figure 4b). These data suggest that both FTY derivatives

may act via the S1P3 receptor and independent of Gi/o proteins

to activate the Smad cascade. In contrast, the p42/p44-MAPK

phosphorylation stimulated by the FTY derivatives is not

reduced by suramin pretreatment (Figure 4c) but is markedly

blocked by pertussis toxin pretreatment (Figure 4d), further

proposing that different S1P receptor subtypes are involved in

MAPK activation and Smad activation.

To see whether the TGF-b receptor (TGF-bR) is required

for FTY720-induced Smad activation, the TGF-bR type II

was depleted by using the siRNA technique. As shown in

Figure 5, lower panel, TGF-bR type II-siRNA transfected cells
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Figure 3 Effect of FTY720 and phospho-FTY720 on Smad-1, -2 and -3 phosphorylations in mesangial cells. (a) Quiescent
mesangial cells were stimulated with either vehicle for 10min (Co), FTY720 (3 mM) and phospho-FTY720 (3 mM) for the indicated
time periods (in minutes). Thereafter, cells were harvested and Western blot analyses were performed using specific anti-phospho-
Smad-1, total Smad-1, anti-phospho-Smad-2 or total Smad-2 antibodies at a dilution of 1 : 1000 each. Bands were detected by the
ECL method according to the manufacturer’s recommendation. Data are representative of two independent experiments giving
similar results. (b) In vivo-32Pi-labelled cells were stimulated for 10min with either vehicle (Co), 1 mM of FTY, 1 mM of phospho-FTY
or 20 ngml�1 TGF-b2. Thereafter, Smad-3 was immunoprecipitated from cell lysates as described in Methods. Immunoprecipitates
were separated on SDS–PAGE and bands corresponding to Smad-3 were quantitated on an Imaging System. Results are expressed
as % of control values and are means7s.d. (n¼ 3).
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show a drastic, although not complete, reduction of the TGF-

bR type II protein compared to the control-transfected cells.

Under these TGF-bR type II-depleted conditions, both the

phospho-FTY and the FTY720-stimulated Smad phosphory-

lation is abolished suggesting that the TGF-bR is essential for

the activation of the Smad cascade by both FTY derivatives.

FTY720 and phospho-FTY720 mimic the TGF-b-induced
profibrotic cell response in mesangial cells

In the next step, we investigated whether FTY720 and

phospho-FTY are able to mimic TGF-b-mediated cell

responses. It is well established that TGF-b exerts a profibrotic

activity in the kidney (Kitamura & Suto, 1997; Chen et al.,

2003; Schnaper et al., 2003). One hallmark in this fibrotic

sequelae is the potent upregulation of CTGF by TGF-b
(Gupta et al., 2000; Riser et al., 2000). As seen in Figure 6a,
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Figure 4 Effect of suramin and pertussis toxin on FTY- and
phospho-FTY-stimulated Smad and p42/p44-MAPK phosphoryla-
tion in mesangial cells. Cells were pretreated with either suramin (in
mM) for 20min (a and c) or with pertussis toxin (in ngml�1) for 16 h
(b and d) prior to stimulation with either vehicle (Co), FTY720
(FTY; 3 mM) or phospho-FTY720 (p-FTY; 3 mM) for 20min.
Thereafter, cell lysates were subjected to Western blot analysis
using antibodies against phospho-Smad-1 (a and b, upper panels),
total Smad-1 (a and b, lower panels), phospho-p42/p44 (c and d,
upper panels) or total p42/p44-MAPKs (d, lower panel) at dilutions
of 1 : 1000 each. Data are representative of two independent
experiments giving similar results.
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Figure 5 Effect of siRNA of the TGF-bR type II on FTY- and
phospho-FTY-stimulated Smad phosphorylation in mesangial cells.
Cells were transfected with either vehicle (�) or siRNA of TGF-bR
type II (siRNA-TGF-bRII; þ ) as described in Methods prior to
stimulation with either vehicle (Co), FTY720 (FTY; 3 mM) or
phospho-FTY720 (p-FTY; 3 mM) for 20min. Thereafter, cell lysates
were subjected to Western blot analysis using antibodies against
phospho-Smad-1 (upper panel), total Smad-1 (middle panel) or
TGF-bRII (lower panel) at dilutions of 1 : 1000 (phospho-Smad-1,
total Smad-1) and 1 : 2000 (TGF-bRII). Data are representative of
four independent experiments giving similar results.
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Figure 6 Effect of FTY720, phospho-FTY720 and TGF-b2 on
CTGF expression in mesangial cells. (a) Mesangial cells were
stimulated for the indicated time periods (in h) with either vehicle
(K), FTY720 (3 mM, *) or phospho-FTY (3 mM, !). (b) Cells were
stimulated for 4 h with the indicated concentrations of FTY720
(in mM), phospho-FTY (p-FTY; in mM) or TGF-b2 (in ngml�1).
Thereafter, cell lysates were subjected to Western blot analysis using
antibodies against CTGF at a dilution of 1 : 1000. Bands corre-
sponding to CTGF were densitometrically evaluated. Results are
means7s.d. (n¼ 4), *Po0.05, **Po0.01, ***Po0.001 considered
statistically significant when compared to vehicle-stimulated control
values.
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stimulation of cells with phospho-FTY or FTY720 leads to an

equally potent upregulation of CTGF protein expression,

which is detectable already after 1 h and increases upto 4 h.

The induction of CTGF measured after 4 h of stimulation

occurs in a concentration-dependent manner, with maximal

effects seen with 3mM of FTY720 and phospho-FTY

(Figure 6b).

In order to elucidate the mechanism by which phospho-FTY

and FTY720 induce CTGF protein expression, the TGF-bR
type II, which has turned out to be essential for Smad

activation (see Figure 5), was depleted by siRNA transfection.

Under these conditions, the upregulation of CTGF by

FTY720 and phospho-FTY is abolished (Figure 7a). Further-

more, Smad-4 depletion by siRNA transfection is able to
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Figure 7 Effect of siRNA of the TGF-bR type II and Smad-4 on FTY- and phospho-FTY-stimulated CTGF expression in
mesangial cells. (a) Cells were transfected with either vehicle (Co) or siRNA of TGF-bR type II (siRNA-TGF-bRII; þ ) as described
in Methods prior to stimulation with either vehicle (Co), FTY720 (FTY; 3mM) or phospho-FTY720 (p-FTY; 3 mM) for 4 h.
Thereafter, cell lysates were subjected to Western blot analysis using antibodies against CTGF (a and b, insets: upper panels),
GAPDH (a, inset: lower panel and b, inset: middle panel), TGF-bRII (a, inset: middle panel) or Smad-4 (b, inset: lower panel) at
dilutions of 1 : 1000 (CTGF, GAPDH, Smad-4) and 1 : 2000 (TGF-bRII). Bands corresponding to CTGF were densitometrically
evaluated. Results are means7s.d. (n¼ 4), ***Po0.001, considered statistically significant when compared to vehicle-stimulated
control values; #Po0.05, ##Po0.01, considered statistically significant when compared to the respective empty-transfected values.
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at least partially block the upregulation of CTGF induced

by FTY720, phospho-FTY720 and TGF-b2 (Figure 7b). The

partial effect may be due to the only partial reduction of

Smad-4 protein expression by siRNA transfection. Addition-

ally, the recently developed inhibitor of the TGF-bR type I

(Sawyer et al., 2003) also dose-dependently reduced FTY720-

and phospho-FTY-induced CTGF expression (Figure 8).

To see whether the FTY720-exerted effect on Smad

activation involves TGF-b release and autocrine action, two

different approaches were used. For the first, cells were

preincubated with a neutralizing anti-TGF-b antibody before

stimulation with FTY720 or phospho-FTY. Under this

experimental setting, no alteration of FTY720-induced Smad

phosphorylation is seen (data not shown). Secondly, the effect

of FTY720 on the release of active TGF-b was measured using

an ELISA. However, no increase of TGF-b release was

observed either under short-term or long-term stimulations

(data not shown). These data suggest that FTY720 does not

exert its action via TGF-b release.

Finally, we investigated whether other potential profibrotic

events are also activated by FTY720. In this context, it is well

reported that the TIMP-1 is upregulated by TGF-b due to a

Smad-dependent promoter activation (Hall et al., 2003). To see

whether FTY720 mimics this effect of TGF-b on TIMP-1 gene

transcription, Northern blot analyses were performed. As seen

in Figure 9a (upper panel), FTY720 and also phospho-FTY

dose-dependently upregulate TIMP-1 mRNA expression. In

parallel, the IL-1b-induced MMP-9 mRNA expression known

to be downregulated by TGF-b (Ogawa et al., 2004) is also

reduced by FTY720 and phopsho-FTY (Figure 9a, middle

panel). As an internal control, glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) expression is detected, which is not

altered upon cell stimulation (Figure 9a, lower panel). As a

final readout of MMP-9 expression and action, the accumula-

tion of collagen type IV was investigated. Figure 9b shows that

the de-novo synthesis of collagen type IV by mesangial cells is

significantly enhanced by FTY720, phospho-FTY and most

potently by TGF-b.

Discussion

In this study, we show for the first time that the novel

immunomodulatory drug FTY720 and its phosphorylated

derivative phospho-FTY are both able to crossactivate the

TGF-b/Smad signalling cascade and may thereby mimic TGF-

b-triggered cell responses.

TGF-b is one member of the TGF-b superfamily, which

consists of nearly 30 proteins (Shah et al., 2001). It is active as

a dimer and possesses multifunctional properties enabling it to

regulate diverse cellular activities, including differentia-

tion, extracellular matrix production and cell proliferation

(Kitamura & Suto, 1997; Shah et al., 2001; Zhu & Burgess,

2001; Leask & Abraham, 2004; Agrotis et al., 2005).

Interestingly, TGF-b can induce a variety of rather opposing

biological effects. Under acute conditions, it acts as an efficient

anti-inflammatory agent to reduce proinflammatory mediator

expression, whereas under chronic conditions, it rather

displays a profibrotic potential in the kidney, resulting in

glomerulosclerosis and interstitial fibrosis (Kitamura & Suto,

1997; Chen et al., 2003; Schnaper et al., 2003).

Furthermore, TGF-b is a very potent immunosuppressive

agent and it has been proposed to promote the migration and

homing of T cells (Luethviksson & Gunnlaugsdottir, 2003;

Wahl et al., 2004). Reminiscent of this TGF-b-mediated

homing of T-cells, another recently developed potent immuno-

suppressive agent, FTY720, has been reported to stimulate

T-cell homing and thereby exert its immunosuppressive effect

(Brinkmann et al., 2000). From these data, it is tempting to

speculate that an overlapping signalling mechanism exists

between TGF-b and FTY720, although no evidence has yet

been presented.

Indeed, our study clearly shows that TGF-b and FTY720

share the same signalling device, that is, the Smad signalling

cascade. Noteworthy, an overlapping signalling has also been

suggested by us and others between TGF-b and S1P. We

reported that S1P mimics the anti-inflammatory effect of

TGF-b on mesangial cells, measured as reduction of iNOS

expression and NO release, secretory phospholipase A2 and

MMP-9 expression and secretion induced by cytokines (Xin

et al., 2004a). Furthermore, Sauer et al. (2004) showed that

S1P is able to activate the Smad-3 cascade in keratinocytes

(Sauer et al., 2004), and also in murine Langerhans cells a

similar S1P-activated Smad signalling cascade was reported

(Radeke et al., 2005). In the latter study, a role of S1P as

endogenous immunosuppressive mediator affecting migration

and development of tolerogenic dendritic cells was proposed,

which most probably involves S1P1 or S1P3 receptors (Radeke

et al., 2005).

Interestingly, Smad activation in mesangial cells occurs with

the same potency and the same time course for FTY720 and

phospho-FTY, suggesting that there is no interconversion

necessary and both substances are active per se and most

probably act via at the same S1P receptor subtype. Several

other reports have shown that FTY720 has agonistic effects on

S1P receptors, which was proposed to occur via phosphoryla-

tion to phospho-FTY (Brinkmann et al., 2002; Mandala et al.,
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gial cells. Cells were pretreated for 30min with either vehicle (�) or
the indicated concentrations (in mM) of the TGF-bRI inhibitor prior
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2002). In vitro radioligand competition-binding assays of

FTY720 with [33P]S1P showed an IC50 value of 300 nM for

the S1P1 receptor, but hardly any effect (IC50410mM) at the

other S1P receptor subtypes. Despite this competitive effect,

FTY720 by itself did neither stimulate Ca2þ mobilization nor

did it desensitize S1P-triggered receptor activation in CHO

cells overexpressing the S1P1 receptor (Mandala et al., 2002).

Additionally, in vivo, FTY720 is inducing T-cell homing just as

S1P. Mechanistically, it was suggested that FTY720 induces

depletion of the S1P1 receptor (Matloubian et al., 2004). This

was supported by the finding that S1P1 receptor knockout

mice showed the same phenotype as FTY720-treated mice,

that is, retention and accumulation of activated T cells in

lymphoid organs (Matloubian et al., 2004).

From our data, we cannot exclude that the effect seen with

FTY720 in mesangial cells is due to rapid phosphorylation to
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phospho-FTY by a sphingosine kinase. However, since the

kinetics of Smad phosphorylation is very rapid (within

minutes) and does not differ among the two substances, it is

questionable whether phosphorylation of FTY720 is necessary

to elicit this rapid response. Moreover, we previously showed

that FTY720 pretreatment did not reduce S1P-stimulated

MAPK activation in mesangial cells, suggesting that FTY720

is also no direct antagonist at one of the S1P receptors (Xin

et al., 2004b). Rather it is more likely that FTY720 can directly

activate one of the other receptors or intracellular targets,

which still need to be identified. In this context, it has recently

been reported that FTY720 can directly activate a protein

phosphatase of the type 2A, which results in a rapid

dephosphorylation and thus inactivation of PKB/Akt and

increased apoptosis of human Jurkat T cells (Matsuoka et al.,

2003).

These indirect agonistic effects of FTY720 on S1P receptor

signalling contrast to a recent study showing that FTY720

in its nonphosphorylated form has an inhibitory effect on

S1P receptors by inducing their internalization in T cells,

and subsequently also blocks S1P-induced T-cell migration

(Graeler & Goetzl, 2004). However, the target of FTY720

mediating the internalization of the S1P receptors was not

further identified.

In addition, our data show that the FTY720-induced

effect on Smad activation occurs independent of a Gi-protein,

since pertussis toxin was ineffective in blocking the effect

(Figure 4b), but was suramin sensitive (Figure 4a). In contrast,

FTY720-triggered MAPK activation was abolished by pertus-

sis toxin (Figure 4d) and insensitive to suramin (Figure 4c),

thus suggesting that two different S1P receptors may be

involved in MAPK and Smad activation. This is reminiscent of

our previous data showing that S1P-stimulated Smad activa-

tion is also Gi-protein insensitive but suramin sensitive,

whereas S1P-stimulated MAPK activation is pertussis toxin

sensitive and suramin insensitive (Xin et al., 2004a). Since

suramin has been shown to selectively antagonize the S1P3

receptor among the S1P receptors, it is tempting to speculate

that the S1P3 receptor could be involved in the Smad

activation by FTY720. In this context, it is worth noting that

one of the in vivo observed side effects of FTY720, that is,

induction of a transient bradykardia, was appointed to the

S1P3 receptor (Sanna et al., 2004). On the other side, the

immunosuppressive effect of FTY720, a process thought to

mainly involve changes in T-lymphocyte signalling, was

reported to be pertussis toxin-dependent (Henning et al.,

2001). Clearly, mesangial cells and T-lymphocytes are

equipped with different S1P receptor subtypes that also couple

to different signalling devices and thereby guarantee unique

cell type-specific responses.

Interestingly, CTGF is not only a key factor in the

fibrotic sequelae but has also been implicated in tumor

development and progression (Jiang et al., 2004). When

comparing the levels of CTGF with cancer prognosis and

metastatic potential, it appears that CTGF is significantly

downregulated in breast tumors of patients with poor

prognosis as compared to patients with good prognosis (Jiang

et al., 2004). In addition, it was shown that patients with

colorectal tumors that displayed high CTGF levels had a

higher overall survival rate (Lin et al., 2005). Thus, it seems

that an upregulation of CTGF may be beneficial in tumor

therapy.

In this context, it is worth noting that few reports have

pointed towards an antitumor and antimetastatic activity of

FTY720. Thus, Azuma et al. (2002) showed a proapoptotic

effect of FTY720 on cancer cells in vitro. Also in vivo, in a

mouse breast cancer model, FTY720 at a concentration of

5mg kg�1 day�1 or higher led to a drastic reduction of tumor

volume (Azuma et al., 2002). Whether this observed antitumor

effect of FTY720 mechanistically involves the upregulation of

CTGF is an attractive hypothesis that certainly deserves

further investigation.

FTY720 is currently used in clinical trials for prevention

of kidney graft rejection after transplantation. However,

not much is known about potential adverse effects. The

only side effect exerted of FTY720 described so far is a

transient bradycardia, which is most probably due to a

conversion of FTY720 to phospho-FTY720, and binding

to the S1P3 receptor on atrial sinus node myocytes, which

in turn leads to a negative chronotropic response (Guo

et al., 1999; Sanna et al., 2004). Regarding kidney func-

tion, no acute alteration has so far been detected upon

FTY720 long-term treatment of rats and mice at doses of

1mg kg�1 day�1 (Tawadrous et al., 2002). Also, prolonged

administration of FTY720 does not cause renal toxicity in

mice (Suleiman et al., 2005). Interestingly however, it was

shown that rats treated with doses of 5mgkg�1 day�1 of

FTY720 for 3 weeks showed a significant decrease in their

body weight. Furthermore, a significant reduction of sodium

excretion was observed at high repeated doses of FTY720

(Tawadrous et al., 2002). Nevertheless, histological examina-

tion of kidneys revealed no signs of tubular changes, infiltrates

or fibrosis. However, since time periods longer than 3 weeks

were not investigated in that study, a chronic profibrotic effect

of FTY720, as may be concluded from our data, cannot be

excluded.

Additionally, in a rat model of anti-Thy1-induced

chronic progressive glomerulosclerosis, it was proposed that

FTY720 has beneficial effects and is able to reduce the

progression of the disease towards chronic tubulointerstitial

fibrosis and renal insufficiency by its ability to deplete

lymphocytes and to stop the inflammatory reaction (Peters

et al., 2002). This obvious dual role of FTY720, that is,

anti-inflammatory and profibrotic, is very reminiscent of the

spectrum of actions of TGF-b, which has been extensively

studied (Kitamura & Suto, 1997; Chen et al., 2003; Schnaper

et al., 2003; Leask & Abraham, 2004; Xin et al., 2004a; Agrotis

et al., 2005).

In summary, we have shown that FTY720 and phospho-

FTY720 crossactivate the TGF-b signalling cascade in

mesangial cells and lead to activation of the Smad proteins

with subsequent gene transcription, as exemplified for the

profibrotic factor CTGF. These findings suggest that FTY720

has additional effects besides the immunosuppressive one and

a profibrotic activity has to be considered in future experi-

mental approaches.
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