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1. ABSTRACT 
 

Sphingosine 1-phosphate (S1P) is a pleiotropic 
bioactive lipid that transmits potent signals through a 
family of G protein coupled receptors with resultant anti-
apoptotic and pro-angiogenic effects. We have recently 
reported that lymphoblastoid B cell lines (LCLs) from 
rheumatoid arthritis (RA) patients are resistant to Fas-
mediated cell death due to over-production of S1P, 
secondary to over-activity of sphingosine kinase-1 
(SphK1). Here we investigated the signaling events that 
S1P triggers in those cells. Our results show that RA-
derived LCLs display increased constitutive enzymatic 
activity of phosphatidylinositol 3-kinase (PI3K).  
Incubation of LCLs with a PI3K inhibitor wortmannin 
reversed PI3K over-activity and the resistance to Fas-
mediated cell death. Incubation of RA LCLs with 
nanomolar concentration of S1P triggered exaggerated 
activation of both SphK and PI3K in RA LCLs compared 
to control cells. PI3K was mapped upstream of SphK, since 
wortmannin could block SphK activation by S1P. S1P 
signaling effect could be blocked by the Gi/G0 protein 
inhibitor, pertussis toxin and by an inhibitor of S1P-
receptor interaction, suramin. S1P receptor expression 
levels did not appear to be the cause of disparate S1P-
triggered signaling, since LCLs from RA patients and their 
healthy twin controls did not show statistically significant 
differences in the expression levels of the five known S1P 
receptors, as determined by quantitative real time reverse 
transcription-polymerase chain reaction analyses. Thus, we 
conclude that Fas death signaling aberration in RA LCLs is 
caused by extracellular S1P, which triggers PI3K-
dependent SphK over-activity through a Gi protein-coupled 
receptor-mediated signaling cascade.  

 
 
 
2. INTRODUCTION 
 

Sphingosine 1-phosphate (S1P) is a 
lysophospholipid that transmits potent signals through a family 
of G protein coupled receptors (GPCR), designated S1P1-S1P5 
(reviewed in 1). S1P has been previously shown to be a 
mediator of a variety of cell functions, which are relevant to 
pannus formation: It inhibits apoptosis induced by Fas ligand 
(2), it affects lymphocyte trafficking into - and retention inside 
- secondary lymphoid organs (3, 4) and it enhances 
angiogenesis (5). It has been previously postulated that 
migration of cells from the peripheral blood into the synovial 
compartment, aberrant angiogenesis and impaired apoptosis 
may collaboratively contribute to formation and propagation 
of the rheumatoid pannus (6, 7). Thus, S1P could contribute to 
the pathogenesis of the RA pannus.  
 

Over the past several years, there has been 
increasing interest in the role of B-lymphocytes in 
rheumatoid arthritis (RA). There is growing evidence that 
B-lymphocytes accumulate and mature in the inflamed 
synovium, where they can form ectopic germinal centers 
(8-10) and activate T cells (11). Additionally, experimental 
treatments with anti-CD20 antibodies have shown promise 
(12), and further support the growing consensus that B-
lymphocytes play an important role in the pathogenesis of 
RA. The mechanism by which of B cells contribute to RA 
pathogenesis is incompletely understood and awaits 
functional studies. However, due to the scarcity of B cells 
in RA (13, 14), functional studies on primary B cells are 
technically challenging.  
 

To overcome this technical hurdle, we have 
studied a more abundant source of cells: B lymphoblastoid 
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cell lines (LCLs). Using this approach, we have recently found 
that peripheral blood-derived LCLs form RA patients are 
resistant to Fas-mediated cell death due to constitutive over 
expression and over activity of sphingosine kinase-1 (SphK1) 
with resultant increased production of S1P (15). The 
aberration was disease specific, since LCLs from patients with 
other rheumatic and autoimmune diseases - as well as LCLs 
from paired healthy monozygotic (MZ) twins of RA patients - 
did not demonstrate it. The utility of LCLs as an investigative 
tool in RA was further supported by the finding of similar 
over-expression of SphK1 transcripts in the synovial tissues of 
RA patients (15). Consistent with these findings, another 
group has recently reported that RA synovial tissues, as well as 
in vitro-cultured synoviocytes, abundantly express S1P1 
receptors.  Additionally, RA synoviocytes cultured in the 
presence of S1P proliferated and over-expressed 
cyclooxygenase-2 and prostaglandin E2 (16). Thus, evidence 
for a potential role for S1P and Sphk1 in RA pathogenesis is 
beginning to emerge. 
 

Given the fact that LCLs from RA patients 
demonstrate disease-specific S1P-mediated aberration (15), 
we have undertaken to investigate the signaling effects of 
S1P in these cells. Here we report that S1P activates 
survival signaling in RA LCLs through a GPCR-mediated 
pathway. S1P-triggered activation of RA LCLs involves 
enhanced activation of phosphatidylinositol 3-kinase 
(PI3K), which in turn activates SphK. Thus, these data 
suggest that S1P may aberrantly autoregulate its own 
production in RA LCLs, thereby potentially contributing to 
a self-perpetuating activation process. 
 
3. MATERIALS AND METHODS 
 
3.1. Study subjects 

 LCLs from a total of 36 individuals (17 patients 
with RA and 19 healthy individuals) were used in the 
present study. LCLs from 10 RA-discordant MZ twin pairs 
were used in some experiments. The demographics and 
clinical characteristics of the RA and the control groups 
have been described elsewhere (15).  

 
3.2. Cells and culture conditions 

LCLs were prepared from peripheral blood B 
cells using a standard EBV transformation technique (17). 
LCLs were cultured in supplemented RPMI 1640 
containing 10% heat-inactivated FBS (Irvine Scientific, 
Santa Ana, CA) at a density of 0.5-1.0 x 106 cells/ml. All 
lines had been maintained in identical tissue culture 
conditions, cell density and viability. LCLs were kept in 
continuous long-term (2-6 months) culture, with no 
measurable change in their viability or functional properties 
over time. Aliquots of paired LCLs were periodically 
frozen. Those samples were occasionally used in rare 
instances of culture loss. In those instances, the most 
recently frozen samples of both the RA LCLs and the 
healthy control LCLs were thawed at the same time to 
assure identical tissue culture history.   

 
3.3. Induction of apoptosis 

Fas-mediated apoptosis was induced in LCLs by 
incubating 5 X 104 cells per well with 100 ng/ml of anti-

Fas antibody CH-11 (IgM, purchased from Kamiya 
Biological Company) in 96 well microplates. In all 
experiments, control mouse monoclonal IgM antibody 
(TEPC-183, from Sigma) was used in equivalent 
concentrations. Cell death was determined at different time 
points, using the JAM assay (18) or a commercial MTS kit 
(Promega, Madison, WI). Microplate wells were read by 
ELISA plate reader at 490 nm.  

 
3.4. Caspase 3 activity assay 

A Bio-Rad Apopain Assay Kit was used to 
determine caspase 3 activity. Two million cells were 
centrifuged for 5 min at 1,000 rpm. Supernatants were 
removed and pellets rinsed with PBS twice. 150 µl of a 
buffer [10 mM Hepes (pH 7.4), 2 mM EDTA, 0.1% 
CHAPS, 5 mM DTT, 1mM PMSF, 10 µg/ml aprotinin] 
were added to cell pellets. Cell suspensions were vortexed 
gently, then frozen and thawed 4 times by transferring from 
liquid nitrogen to a 37°C water bath.  The cell lysates were 
centrifuged for 60 min at 14,000 rpm. Protein concentration 
in the supernatants was adjusted to 1 mg/ml. Twenty-five 
µl of supernatants were incubated in 175 µl reaction buffer 
[10 mM PIPES (pH 7.4), 2 mM EDTA, 0.1% CHAPS, 5 
mM DTT, Z-DEVD-AFC 40 µg/ml] for 30 min in the 
fluorometer cuvettes at 25°C. Samples were read on 
VersaFluorTM fluorometer (Bio-Rad) at an 
excitation/emission wavelength of 360/520. 
 
3.5. Determination of PI3K enzymatic activity 

An Upstate Biotechnology protocol, based on 
previously described method (19) was used. Briefly, 2 x 
107 cells were lysed in a buffer containing 1% NP 40 and 1 
mM PMSF.  The PI3K protein was immunoprecipitated 
with polyclonal rabbit anti-p85 PI3K antibody (Upstate 
Biotechnology) Protein A-coupled agarose. PI3K activity 
was determined by [γ-32P]-ATP incorporation into PI-3-
phosphate (PIP3) following lipid extraction with 
chloroform/methanol and separation on thin layer 
chromatography plates (silica gel G from Analtech Inc. 
Newark, DE). Radioactive PIP3 spots were quantified with 
a Molecular Dynamics PhosphorImager. Due to 
unavoidable variations in phosphoimaging signals between 
experiments, means and standard deviations cannot be 
confidently calculated in all cases. In those instances, a 
representative image, one out of 3-6 repetitions with the 
same pattern, is shown for illustrative purposes. 
 
3.6. Radioligand binding studies 
[32P]-S1P binding studies were carried out as described 
(20). Briefly, 2x106 cells were washed twice with binding 
buffer (PBS containing 0.4% fatty acid-free bovine serum 
albumin). [32P]-S1P was synthesized enzymatically as 
described (21), using NIH 3T3 cells as a source of 
sphingosine kinase. Cells were incubated with 5 nM [32P]-
S1P (200,000 cpm) in 200 µl binding buffer for 30 min at 4
°C in the presence or absence of 1 µM non-radioactive S1P 
or other ligands in 96-well plate. Cells were then washed 
three times with binding buffer. The cells were spotted on 
glass filters and radioactivity quantified by scintillation 
counting.  Ligand binding experiments were performed in 
triplicates. Specific binding was calculated by subtracting
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Table 1.  Sequence of primers 
Gene Forward primer Reverse primer Probe(5’Fam+3’BHQ1) 
S1P1 TGC TGG GTC ATC TCC CTC AT AGC GCA CTG ATG CAG TTC C TGG GTG GCC TGC CTA TCA TGG G 

S1P2 CAC AAC AAC TCG GAG CGG T ACA CGC TCA CCA CAA TCA CC CAT GGC ACT GCT GCG GAC CG 

S1P3 TCC ATC ATC CTG TTG GCC A TGA GCG GAC CAC GCA GTA G CGT GGC CCT GTA CGT GCG CA 

S1P4 GAT GCG GGA GCC CCT G GCA AGA CTG CAA CTT CAG ATG C CCA GCA TCT CCA GCG TGC GG 

S1P5 TGG ACG CTT GCT CCA CTG T AGC ACG CAG AAG AGC ACG T TTG CCG CTC TAC GCC AAG GCC 

β-actin TGC GTG ACA TTA AGG AGA AG GCT CGT AGC TCT TCT CCA CAC GGC TGC TTC CAG CTC CTC 

 
nonspecific binding cpm (residual counts in the presence of 
excess cold inhibitor) from the total binding cpm. 
                                                 
3.7. Determination of SphK enzymatic activity 

Cells were washed twice with cold PBS, 
centrifuged, and resuspended in 200 µl of a 20 mM Tris 
buffer, pH 7.4, containing 20% (v/v) glycerol, 1 mM 
mercaptoethanol, 1 mM EDTA, 1 mM sodium 
orthovanadate, 15 mM NaF, 10 µg/ml leupeptin and 
aprotinin, and 1 mM PMSF. Cells were lysed by freezing 
and thawing 4 times. Lysates were centrifuged for 30 min 
at 14,000 rpm/min. The buffer mixed with supernatant that 
contained 70-200 µg of protein to a final volume of 190 µl. 
The reactions were started by addition of 10 µl of [γ-32P]-
ATP (2 µCi, 20 mM) and sphingosine-BSA 50 µM final 
concentration containing 100 mM MgCl2. Samples were 
incubated for 30 min at 37°C, and reactions were 
terminated by addition of 20 µl of 1N HCl.  Lipids were 
extracted by addition of 0.8 ml of chloroform, methanol, 
and concentrated HCl (100:200:1, v/v/v). Phases were 
separated by addition of 240 µl of chloroform and 240 µl of 
2 N KCl. The organic phase was evaporated under N2 and 
resuspended in 50 µl of chloroform/methanol mixture (1:2). 
Lipids were separated by thin layer chromatography, using 
UNIPLATETM silica gel G (Analtech Inc. Newark, DE) 
with 1-butanol, methanol, acetic acid, and water 
(80:20:10:20,v/v/v/v) as solvent. The radioactive spots 
corresponding to authentic S1P were located by standard 
S1P, which was visualized by charring with cupric sulfate-
phosphoric acid spray. Radioactive S1P spots were 
quantified with a Molecular Dynamics PhosphorImager. 
Due to unavoidable variations in phosphoimaging signals 
between experiments, means and standard deviations 
cannot be confidently calculated in all cases. In those 
instances, a representative image, one out of 3-6 repetitions 
with the same pattern, is shown for illustrative purposes. 
 
3.8. Measurement of S1P receptor mRNA by real time 
RT-PCR 

Total cellular RNA was extracted from LCLs 
using Trizol (Invitrogen). Briefly, approximately 1 x 107 
cells were collected, centrifuged and lyzed with 2 ml of 
Trizol reagent. The cells were passed through a 22G 1-1/2 
needle using a syringe to break up the cells.  The extracted 
total RNA was finally collected with 50 µl of DEPC-treated 
water and stored at -70 °C. The concentration and purity of 
RNA was measured by absorbance at 260 nm and 280 nm. 
cDNA was synthesized from 1 µg total RNA by 
SuperScriptase (Invitrogen) provided with the First Strand 
Synthesis System using a GeneAmp 9600 system 
(PerkinElmer). The negative control was prepared using all 
reagents except the RNA sample/or without reverse

 
transcriptase. The primers specific for S1P1-S1P5 and β 
actin are shown in Table 1. 
 

Real-time PCR was carried out with 2x Platinum 
Quantitative PCR SuperMix-UDG (Invitrogen) in a total 
volume of 50 µl containing 8 µl (2 µl for β actin) of cDNA, 
0.4 µM of each PCR primer, 0.2 µM of Taqman probe with 
passive reference, and 25 µl PCR master mix. S1P receptor 
genes and β actin gene were amplified in separate tubes in 
duplicate. The amplification parameters were 50°C for 2 
min, 95°C for 10 min, and 50 cycles of 95°C for 15 s and 
60°C for 1 min. The fluorescence emission from individual 
PCR tubes at each cycle was monitored in an iCycler 
system (Bio-rad). The cycle of threshold (Ct) values were 
collected corresponding to the PCR cycle number at which 
the fluorescence was detectable above an arbitrary 
threshold, based on baseline data within cycles 3 to 15. The 
arbitrary threshold was decided to ensure the Ct values 
were obtained in the exponential phase of PCR where there 
are no rate-limiting components. The Ct value for S1P 
receptor minus Ct value for β actin was designated as delta 
Ct value. 
 
3.9. Statistical analysis 

Unless stated otherwise, Student's t test was used 
to determine statistical significance. Mann Whitney test 
was used for nonparametric values. Statistical significance 
was achieved at p < 0.05 (marked with an asterisk). 
Calculations of IC50 and EC50 were performed using 
PRISM 3.0 software (GraphPad Software, San Diego, 
California). 
 
4. RESULTS 
 

We have recently identified SphK1-mediated 
resistance to Fas-mediated death signaling in RA LCLs 
(15). Since much like SphK (2), PI3K is known to enhance 
cell survival and its activity is regulated by serum growth 
factors (22-24), we have undertaken to determine whether 
PI3K is involved in the observed SphK1-mediated death 
signaling aberration in RA LCLs. In order to minimize 
inter-individual variations, we have compared pairs of RA 
disease-discordant MZ twins. Those individuals differ in 
the presence or absence of RA, but are genetically 
identical. Figure 1A shows PI3K activity in cell lysates 
from LCLs of a representative pair of RA-discordant MZ 
twins. As can be seen, constitutive PI3K enzymatic activity 
in the RA twin was over 3-fold higher than that of the 
healthy twin. Similar results were found in 7 out 10 pairs 
tested (mean PI3K activity in RA twins was 2.6±0.45-fold 
higher then their respective healthy co-twins). In two pairs, 
PI3K activity was equal and in only one of the 10 pairs 
tested, the RA twin cells had lower PI3K enzymatic
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Figure 1.  Role of PI3K. A, Comparison of PI3K activity in 
a representative pair of RA-discordant MZ twins. The 
activity was determined in LCLs from a healthy twin (left) 
and his RA-afflicted MZ twin (right).  As can be seen, the 
RA twin had over 3-fold higher constitutive PI3K activity. 
Six additional twin pairs showed the same pattern. B, 
Reversal of resistance to Fas-mediated caspase 3 activation 
in RA cells with wortmannin. LCLs from 10 RA patients 
and their 10 healthy MZ twins were tested for Fas-mediated 
caspase 3 activation with either anti-Fas antibody CH-11, 
200 ng/ml, alone (white bars), wortmannin, 100 nM alone 
(hatched bars) or a combination of the two (black bars). C, 
Reversal of resistance to Fas-mediated apoptosis by 
wortmannin. Fas-mediated cell death at 20 h post 
stimulation was determined using the JAM assay in LCLs 
of a RA-discordant MZ twin pair. LCLs from the RA twin 
(black bars) or the healthy twin (white bars) were incubated 
with different concentrations of wortmannin, in the 
presence of 100 ng/ml of anti-Fas antibody CH-11. As can 
be seen, wortmannin increased Fas-mediated apoptosis in 
the RA twin in a dose-dependent manner to near normal 
levels. NL, normal; RA, rheumatoid arthritis 

activity than the healthy co-twin (p < 0.05 by Mann 
Whitney).  
 

Treatment of cells with a specific PI3K inhibitor 
wortmannin enhanced Fas-mediated caspase 3 activation 
(Figure 1B) and reversed the resistance to Fas-mediated 
apoptosis (Figure 1C) in RA cells. As shown in Figure 1B, 
the effect of wortmannin on Fas-mediated caspase 3 
activation was markedly higher in the RA-twins group, 
compared to that of the healthy-twins group. Within 
individual pairs, wortmannin effect was higher in the RA 
twin in 7 of the 10 cases, was equal in two, and was lower 
in only one pair (p < 0.05 by Mann Whitney). Taken 
together, these data suggest that higher constitutive PI3K 
activity is found in the majority of RA LCLs. That activity 
contributes to the resistance of these cells to Fas-mediated 
death signaling. 
 

RT-PCR analysis using pairs of primers for the 
four known PI3K isozymes α,β,γ and δ, as well as Western 
blot analysis with anti-PI3K antibodies were performed. 
No differences in PI3K expression levels could be detected 
(data not shown). The higher activity of PI3K in RA cells 
could not be attributed to a mutated enzyme either, since 
cDNA sequencing of the invariable p85 regulatory subunit 
as well as the α,β,γ  and δ p110 catalytic subunits did not 
reveal differences between the healthy and RA twins (data 
not shown). These findings suggest that activation by an 
upstream regulatory mechanism, rather than PI3K 
abundance or mutations contribute to its higher enzymatic 
activity in RA cells.  
 

Activation of PI3K is inducible by many growth 
factors and cytokines through a variety of receptor-
mediated mechanisms (reviewed in 25). S1P has been 
previously shown to activate PI3K through the S1P 
receptors and to inhibit apoptosis (1, 2, 26). Based on our 
finding that RA LCLs produce higher levels of S1P (15) 
and because S1P is abundant in serum (27, 28), we 
examined whether it could preferentially activate PI3K in 
RA LCLs.  
 

As shown in Fig 2, incubation of cells for 1 min 
with nanomolar concentrations of S1P (EC50 ≈ 50 nM) 
produced potent activation of PI3K in the RA twin LCLs, 
but not in the normal twin LCLs (Figure 2A). The 
activation was ligand-specific, as a structurally related 
control sphingolipid, N, N-dimethylsphingosine, did not 
activate the enzyme (Figure 2B). To assess whether S1P-
triggered PI3K activation involves a receptor-mediated 
mechanism, we used suramin, a compound that blocks S1P 
receptor/ligand interactions. As can be seen in Figure 2C, 
suramin inhibited activation of PI3K by S1P in a dose-
dependent manner, with an IC50 ≈ 7µM, suggesting the 
involvement of S1P-binding receptors. Additionally, 
pertussis toxin (PTX), a Gi/Go-coupled receptor inhibitor, 
blocked serum-induced PI3K hyperactivity (Figure 2D), as 
well as S1P-induced PI3K activation (Figure 2E), and 
reversed resistance of RA LCLs to Fas-mediated cell death 
(Figure 2F).  
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Figure 2.  Involvement of a Gi protein-coupled receptor. A, Activation of PI3K by extracellular S1P. Serum-starved LCLs from 
an RA patient (black circles) and his healthy MZ twin  (white circles) were incubated for 1 min with various concentrations of 
S1P in serum-free medium and PI3K activity was determined. B, Ligand specificity of PI3K activation. RA twin LCLs cells were 
incubated with various concentrations of N,N-dimethylsphingosine (DMS, white bars) or S1P (black bars) for 1 min in serum-
free conditions. PI3K activity was determined as above. C, Inhibition of extracellular S1P-mediated PI3K activation by suramin. 
RA LCLs were stimulated for 1 min with 100 nM S1P in serum-free conditions in the presence of various concentrations of 
suramin. PI3K activity was determined as above. D, Inhibition of constitutive PI3K activity in RA cells by PTX. Serum-grown 
LCLs from 5 patients with RA (left) and 5 healthy controls (right) were pre-incubated for 1 h with or without 1 µg/ml of PTX. 
PI3K activity was determined and percent inhibition of PI3K activity by PTX was calculated. As can be seen, PTX suppressed 
PI3K activity in RA cells, but not in the normal controls (p < 0.05), suggesting that constitutive PI3K activities in RA and control 
cells are regulated by different mechanisms. E, Inhibition of S1P-induced PI3K activation by PTX. RA LCLs were pre-incubated 
for 1 h with or without 1µg/ml of PTX, followed by 1 min stimulation with various concentrations of S1P and PI3K activity was 
then measured. The upper panel shows the PIP3 spots in a thin layer chromatogram and the lower panel shows PhosphorImager 
quantification of those spots. The horizontal line marks the basal activity and the numbers inside the lower panel represent the 
calculated inhibition of PI3K activity by PTX. As can be seen PTX produced a significant inhibition of extracellular S1P-induced 
PI3K activation. F, Reversal of Fas-resistance in RA cells by PTX. LCLs from six RA patients (left) and eight healthy controls 
(right) were pre-incubated for 1 h with (black circles) or without (white circles) PTX, 1 µg/ml. At the end of incubation, Fas-
mediated cell death was determined by the MTS method. As can be seen, pretreatment with PTX reversed RA cells resistance to 
Fas-mediated killing but had no effect on normal cells. NL, normal; RA, rheumatoid arthritis. 
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Figure 3.  Involvement of S1P receptors. A, Ligand 
binding specificity. S1P binding was determined using 5 
nM [32P]-S1P in a representative RA LCL. The inhibitory 
effect of 10 µM unlabeled ligands was measured. Results 
are presented as cpm/106 cells ± SD in triplicate 
experiments. B, Real time RT-PCR-based mRNA 
quantification of the five S1P receptors in 3 RA twins 
(black bars) and their normal co-twins (white bars). Results 
were normalized to β actin. LPA, lysophosphatidic acid.  
 

Ligand-specificity studies showed that S1P 
binding could be inhibited by excess of unlabeled S1P and 
dihydro S1P, but not by lysophosphatidic acid or ceramide 
C6 (Figure 3A), indicating that S1P-specific receptors are 
involved in S1P binding to LCLs. S1P transmembrane 
signaling is transmitted by a family of five GPCRs, 
designated S1P1, S1P2, S1P3, S1P4 and S1P5, respectively 
(1). In order to determine whether enhanced S1P signaling 
in RA LCLs might be due to greater abundance of S1P 
receptors, we quantified mRNA expression levels of these 
5 receptors in three pairs of disease discordant MZ twins 
using a real time RT-PCR method. As can be seen (Figure 
3B), very similar mRNA expression levels of the five S1P 
receptors were found in the normal and the RA co-twins. 
Thus, enhanced S1P-triggered signaling in RA LCLs is not 
due to increased abundance of any of the 5 known S1P 
receptors.  
 

Finally, experiments were carried out to 
determine the signaling relationship between the PI3K and 
the SphK pathways. To that end, SphK enzymatic activity 
was first determined in cells in the presence or absence of 
extracellular S1P. As can be seen, stimulation of RA cells 

with S1P induced SphK activation, which reached a 
plateau at 60 min (Figure 4A), compared to peak PI3K 
stimulation by S1P, which could be seen within 1-10 min 
(Figure 2). This result suggests that PI3K may be located in 
an upstream position relative to SphK. Indeed, pre-
incubation with the PI3K inhibitor wortmannin suppressed 
constitutive SphK activity in LCLs from RA patients, but 
not in control lines (Figure 4B, p < 0.05). Thus, we 
conclude that SphK hyperactivity in RA cells is attributable 
to an aberrant upstream control by PI3K. 
 
5. DISCUSSION 
 

Due to their scarcity in RA, functional studies 
involving primary B lymphocyte have been technically 
challenging. In order to gain insights into the role of these 
cells in the disease, we have used here LCLs. We have 
identified and mapped an aberrant pathway in RA LCLs 
and obtained evidence that in these cells, S1P triggers 
signaling through a GPCR of the Gi subtype, thereby 
activating PI3K, which in turn activates SphK. As a result, 
RA LCLs fail to efficiently propagate Fas-death signaling.  
 

Given the central role of B cells in RA, the 
findings reported here could provide new insights into 
candidate pathogenic mechanisms in this disease. It should 
be cautioned, however, that while B cells are unequivocally 
involved in the pathogenesis of RA, it is presently unknown 
to what extent the in vitro immortalized LCLs faithfully 
represent the B cell population that contributes to disease 
pathogenesis in RA.  Noteworthy, however, in two recent 
studies (15, 29), in which we analyzed synovial tissues and 
LCLs from RA patients and controls, we have 
demonstrated that peripheral blood-derived LCLs display 
disease-specific functional aberrations and they over-
express many RA-relevant gene products, which are also 
over-expressed in RA synovial tissues, including in 
synovial B cells. Therefore, although their relevance to 
primary B cells remains to be explored, investigating the 
biology of LCLs may be a useful tool in the research of RA 
pathogenesis. 
 

S1P has been previously shown to activate PI3K 
through the S1P family of receptors and to inhibit apoptosis 
(1, 2, 26). It is an abundant bioactive lipid with 
concentrations in normal human serum at the µM range 
(27, 28). Therefore, the activation of the aberrant pathway 
at nanomolar concentrations, shown here, is in agreement 
with its reported biological activity and within the 
physiologic concentration range of S1P. In view of the 
findings reported here, our prior findings of SphK1 over-
expression in RA synovial tissues (15), and in agreement 
with a recent report by others (16), it is conceivable that 
extracellular S1P acts in RA as an autocrine growth and 
survival factor, which is produced and used by synovial 
cells in a self-perpetuating fashion. Alternatively, S1P 
produced by platelets (30), which are abundantly present in 
the inflamed joint (31), could act in a paracrine fashion. It 
is of interest that S1P and its prototypic receptor, S1P1, 
have been shown to play a role in angiogenesis (5), a 
process which has long been recognized as a key feature in 
early pannus pathology (32). Thus, the proposed role of
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Figure 4.  Cross talk between the PI3K and SphK 
pathways. A, Induction of SphK activity by extracellular 
S1P in RA cells. RA LCLs were incubated with 100 nM 
S1P in serum-free conditions. SphK enzymatic activity was 
determined at different time-points thereafter. Results are 
presented as fold-increase of SphK enzymatic activity over 
basal activity in a representative experiment. B, Inhibition 
of constitutive SphK activity by wortmannin. SphK activity 
was determined in LCLs from 7 RA patients (right) and 9 
normal controls (left), which had been pre-incubated 
overnight with or without 20 nM of wortmannin. Results 
are shown as percent inhibition of SphK activity. *, p < 
0.05. NL, normal; RA, rheumatoid arthritis. 

 
extracellular S1P in RA pathogenesis is consistent with 
several lines of evidence. 
 

We demonstrate here that S1P-triggered 
activation of PI3K and, subsequently, activation of SphK, 
is transmitted by an S1P surface receptor. The S1P receptor 
family consists of 5 members, designated S1P1-S1P5. 
Although originally identified in endothelial cells, their 
tissue distribution is actually much wider, and includes 

leukocytes, the cardiovascular system, central nervous 
system, gastrointestinal tract, gonadal tissue and placenta 
(reviewed in 1, 33). Although the precise identity of the 
receptor(s) used by S1P in RA LCLs is unknown, the 
inhibitory effect of PTX suggests that either S1P1 (34), 
S1P4 (35) or S1P5 (36), known to couple to Gi protein, are 
involved in S1P binding, since the two other known high-
affinity S1P receptors, S1P2 and S1P3 have been previously 
shown to couple to Gq and G13 proteins (37, 38). Among the 
three PTX-sensitive S1P receptors, either S1P1 or S1P4 are 
more likely to be involved, since S1P5 is expressed mostly 
in the brain (39). However, we cannot rule out the 
possibility that more than one receptor type - or a novel 
member of the S1P receptor family - is involved. 

 
Our findings indicate that activation of PI3K-

dependent survival signaling is mediated through a Gi 
protein-coupled receptor mechanism in RA cells. Pre-
treatment with PTX or wortmannin restored Fas death 
signaling in those cells. PI3K has been implicated 
previously in experimental autoimmune models (40, 41). 
Transgenic mice expressing a constitutively active PI3K 
form in T cells have been reported to display a 
lymphoproliferative disorder and autoimmune 
glomerulonephritis (40). Another study reported impaired 
Fas death signaling with resultant lymphoid proliferation 
and autoimmunity in Pten+/- heterozygous mice, 
presumably due to increased cellular PIP3, which is a 
product of PI3K and a substrate of the PTEN phosphatase 
(41). It has been recently shown that PI3K-deficient mice 
are resistant to induction of experimental models of arthritis 
(42). In humans, recent data suggests that PI3K may be 
playing an important pathogenic role in human RA as well. 
PI3K has been found to be a key signaling element in 
synovial fibroblast proliferation (43), overproduction of the 
proinflammatory cytokine IL-17 (44) and soluble E 
selectin-induced angiogenesis (45), activities, which have 
all been implicated in the pathogenesis of RA.     
    
We show here that in RA LCLs, S1P could activate both 
PI3K and SphK, and SphK activity could be inhibited by 
wortmannin. These findings suggest a signaling 
relationship between the two pathways, where SphK is 
subjected to an upstream activation by PI3K. SphK and 
PI3K have been previously noticed to share several 
functional properties. Both enzymes can be activated by 
serum-derived lipid growth factors (46, 47) and both can 
inhibit apoptosis (1, 22). Therefore, a hierarchical 
relationship between the two enzymes is a plausible 
scenario. Physiologic activation of SphK by an upstream 
PI3K has been previously documented in the signaling 
pathway of hepatocyte growth factor in endothelial cells 
(48). However, to the best of our knowledge, such 
hierarchical cross talk between the PI3K and SphK 
pathways has been neither shown previously in 
lymphocytes, nor has it been implicated in any pathologic 
condition. We have previously shown that S1P-mediated 
survival signaling is specific for RA, while other 
autoimmune and arthritis conditions do not exhibit this 
abnormality (15). When taken together, those findings, and 
our present findings showing that signaling modulation by 
S1P, wortmannin and PTX is selectively affecting cells of
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Figure 5.  Model of signaling events in RA. Extracellular 
S1P activates Gi protein-coupled receptors in either an 
autocrine or paracrine fashion. The identity of the specific 
S1P receptors is yet to be determined. The receptors shown 
here are depicted for illustrative purpose. As a result of a 
signaling defect, activation of those receptors in RA cells 
lead to aberrant activation of PI3K, with resultant excessive 
activation of SphK and generation of higher intracellular 
levels of S1P, which inhibit Fas-mediated apoptosis. 

 
RA patients, but not cells from their respective healthy MZ 
twins or normal controls, strongly suggest that the signaling 
hierarchy between PI3K and SphK observed here 
represents RA-specific signaling aberration. 
 
6. CONCLUSIONS 
 

We have mapped the signaling pathway, which 
aberrantly activates SphK-dependent cell survival in RA 
LCLs. A model of the signaling events, which lead to 
impaired Fas-mediated cell death in RA, is schematized in 
Figure 5. We propose that further characterization of the 
molecular basis of the aberration described here in primary 
B cells could pave the way to identification of novel 
interventional approaches in RA. 
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