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Abstract
Dr. Robert K. Yu's research showed for the first time that the composition of glycosphingolipids is
tightly regulated during embryo development. Studies in our group showed that the
glycosphingolipid precursor ceramide is also critical for stem cell differentiation and apoptosis.
Our new studies suggest that ceramide and its derivative, sphingosine-1-phosphate (S1P), act
synergistically on embryonic stem (ES) cell differentiation. When using neural precursor cells
(NPCs) derived from ES cells for transplantation, residual pluripotent stem (rPS) cells pose a
significant risk of tumor formation after stem cell transplantation. We show here that rPS cells did
not express the S1P receptor S1P1, which left them vulnerable to ceramide or ceramide analog (N-
oleoyl serinol or S18)-induced apoptosis. In contrast, ES cell-derived NPCs expressed S1P1 and
were protected in the presence of S1P or its pro-drug analog FTY720. Consistent with previous
studies, FTY720-treated NPCs differentiated predominantly toward oligodendroglial lineage as
tested by the expression of the oligodendrocyte precursor cell (OPC) markers Olig2 and O4. As
the consequence, a combined administration of S18 and FTY720 to differentiating ES cells
eliminated rPS cells and promoted oligodendroglial differentiation. In addition, we show that this
combination promoted differentiation of ES cell-derived NPCs toward oligodendroglial lineage in
vivo after transplantation into mouse brain.
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Introduction
In the last ten years, the methodology to replace damaged tissue by grafting of progenitor
cells in vitro differentiated from embryonic stem (ES) cells has made tremendous progress.
Highlights of recent research were the successful integration of mouse and human ES cells
into mouse brain, giving rise to functional neurons and oligodendrocytes that generate new
myelin [1-9]. Studies in Dr. Robert K. Yu's laboratory were among the first to clearly show
the integration of embryonic development and stem cell differentiation with
glycosphingolipid metabolism [10-21]. Based on these studies, our group developed new
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approaches using the cell signaling function of sphingolipids to guide ES cell differentiation
[3, 22-34].

The reliability and safety of current differentiation protocols is still a matter of controversy.
Roughly half of the studies showed that stem cell transplantation leads to the formation of
teratomas, although similar protocols were used for the in vitro differentiation of ES cells [3,
35-52]. Teratomas are stem cell-derived tumors that contain cells of all three germ layers in
a disordered and displacing fashion, fatal for the patient if it occurs in the brain or heart.
Since teratoma formation is the gold standard for pluripotency, teratomas can arise from any
type of pluripotent cells, including induced pluripotent stem (iPS) cells. Therefore, they are
a major safety concern, in particular when using larger numbers of ES or iPS cell-derived
cells as deemed necessary for human stem cell therapy [49]. While lengthy and extensive
differentiation of ES or iPS cells is a safe way to enrich neural precursor cells (NPCs), it
may not be feasible for all clinical applications of human ES or iPS cells, in particular if new
grafts have to be quickly generated from undifferentiated cells. In our laboratory, we have
introduced for the first time an alternative way to get rid of residual pluripotent stem (rPS)
cells forming tumors from stem cells grafts [3, 30]. We have found that rPS cells that still
express the transcription factor Oct-4 cause teratomas with high frequency and are not
suitable for stem cell therapy. These cells co-express prostate apoptosis response 4 (PAR-4),
a protein that makes rPS cells sensitive toward ceramide and its analogs [3].

Ceramide and sphingosine-1-phosphate (S1P) are two sphingolipids that antagonize each
other in their cell signaling function for cell survival and apoptosis (Fig.1 for structures) [30,
31, 53-59]. Previous studies in our laboratory have shown that ceramide and the novel
ceramide analog N-oleoyl serinol (S18) induces apoptosis in differentiating ES cells [3, 22,
25, 26]. S18 has been, for the first time, designed and synthesized in our laboratory as a
water-soluble analog of ceramide (Fig. 1). We have shown that S18 promotes binding of
atypical PKC (aPKC) to PAR-4, which inhibits the aPKC-activated NF-κB cell survival
pathway and induces apoptosis in differentiating ES cells [3, 22, 24, 60]. Others have shown
that S1P promotes cell survival and differentiation of primary cultures of oligodendroglial
precursor cells (OPCs) [61-63]. Both, ceramide and S1P are essential for embryonic
development as documented by the embryonic lethal phenotypes of knockout mice deficient
in ceramide or S1P biosynthesis [64, 65]. The ceramide/S1P antagonism can be twofold,
metabolic and functional. The concentration of ceramide and S1P is counter-balanced by
enzymes that convert the two lipids into each other. Ceramide can be hydrolyzed by
ceramidase to sphingosine, which is then phosphorylated to S1P by sphingosine kinase. S1P
can be hydrolyzed to sphingosine that is then acylated to ceramide by ceramide synthase.
These metabolic reactions render the regulation of the ceramide/S1P balance complicated
and dependent on distinct lipid pools and enzyme activities within a cell.

However, even in the absence of metabolic conversion, S1P can functionally antagonize
ceramide by activating pro-survival cell signaling pathways. In particular, S1P receptor-
mediated activation of PI3K/Akt may counteract its ceramide/PAR-4-induced inactivation
[25, 30, 31, 62, 66-79]. Therefore, ceramide and S1P are two compounds that if combined
can sustain cell survival and induce apoptosis of distinct cell types depending on whether
S1P receptors are expressed and pro-apoptotic pathways are activated. In this study, we
show that rPS cells do not express the S1P receptor S1P1, which leaves them vulnerable to
ceramide or S18-induced apoptosis. In contrast, ES cell-derived NPCs express S1P1 and are
protected in the presence of S1P or its pro-drug analog FTY720. As the consequence, a
combined administration of S18 and FTY720 to differentiating ES cells eliminates rPS cells
and promotes neural differentiation. We also show that this combination of drugs promotes
differentiation of ES cell-derived NPCs toward oligodendroglial lineage in vitro and in vivo.
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Material and Methods
Materials

ES-J1 and feeder fibroblasts were purchased from the ES core facility (A. Eroglu, Medical
College of Georgia, Augusta, GA). Olig2-GFP expressing ES cells were obtained from the
American Type Culture Collection (ATCC) (Manassas, VA). Myelin basic protein (MBP),
O1 and O4 antibodies were a generous gift from Dr. Somsankar Dasgupta (Medical College
of Georgia, Augusta, GA) and Dr. Narayan Bhat, Medical University of South Carolina,
Charleston, SC). Knockout DMEM, Knockout serum replacement, ES qualified FBS, N2
supplement, FGF-2, and Vybrant CM-diI (Molecular Probes) were obtained from Invitrogen
(Carlsbad, CA). DMEM/F-12 50/50 mix was purchased from Cellgro (Manassas, VA). The
sphingosine kinase inhibitor SKI was purchased from EMD Chemicals/Calbiochem
(Gibbstown, NJ). Non-enzymatic cell dissociation solution, Hoechst 33258, and goat anti–
rabbit IgG HRP conjugate were obtained from Sigma-Aldrich. Monoclonal anti–Oct-4
mouse IgG and anti-β tubulin III (Tuj-1) mouse monoclonal IgG (clone TU-20), and
ESGRO (LIF) were from Millipore (Chemicon) (Temecula, CA). Polyclonal anti-Edg-1
(S1P1) rabbit IgG were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). .
Donkey anti–mouse, –rabbit, and –goat IgG Cy2, Cy3, and Cy5 conjugates, goat anti–mouse
IgG HRP conjugate, and normal donkey serum were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA). All reagents were of analytical grade or
higher.

In vitro differentiation of ES cells
In vitro differentiation of mouse ES cells (ES-J1) followed a serum deprivation protocol [80,
81]. In brief, ES cells were grown on γ-irradiated feeder fibroblasts for 4 days in knockout
DMEM/15% knockout serum replacement, supplemented with ESGRO (LIF). ES cells were
then passaged onto gelatin-coated tissue culture dishes without feeder fibroblasts and
incubated for 4 days in knockout DMEM/15% heat-inactivated ES-qualified FBS,
supplemented with 1,000 U/ml ESGRO (LIF). On trypsinization, ES cells were transferred
to bacterial culture dishes without gelatin in order to allow for embryoid body (EB)
formation. EBs were incubated for 4 days in knockout DMEM/10% heat-inactivated ES-
qualified FB. On the fifth day, floating and loosely attached EBs were rinsed off, transferred
to tissue culture dishes, and incubated overnight in knockout DMEM, 10% heat-inactivated
ES-qualified FBS to the allow the EBs to attach to the dish. Neural differentiation due to
serum deprivation was induced by cultivation for 3 days in DMEM/Ham's F12 (50/50), N2
supplement (1:100 of commercially available formulation). During this time, attached EBs
were treated with S18 and S1P or FTY720. Serum-deprived EBs were then trypsinized or
treated with a non-enzymatic cell dissociation solution, plated on poly-L-ornithine/laminin–
coated tissue culture dishes and grown for 4 days in DMEM/Ham's F12 (50/50),
supplemented with N2 and 10 ng/ml FGF-2 (neural progenitor or NP medium) and then for
another 3-4 days in neurobasal medium supplemented with 5% heat-inactivated FBS
(differentiation medium).

Statistical evaluation
Antigen-specific immunostaining was quantified by counting cells that showed signals
twofold or more above background fluorescence. Cell counts were performed in five areas
of approximately 200 cells that were obtained from three independent immunostaining
reactions. A Chi-square test with one degree of freedom was applied for the statistical
analysis of the distribution of two immunostained antigens. The expected frequency for
double staining if two antigens were independently distributed (first null hypothesis to be
refuted) was the frequency product for immunostaining of A or B in the total population, f(A
and B) = f(A) × f(B). The second null hypothesis to be refuted was that the frequency of
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antigen B in the subpopulation A was identical to its frequency in the total population, f(B in
A) = f(B in A × B).

Transplantation of mouse EBCs
EB-derived cells (EBCs) were incubated for 48 h with 100 μM S18 and 300 nM FTY720 in
EB medium, further cultivated for 48 h in 50 μM S18 and 300 nM FTY720 in NP medium,
and then used for transplantation into mouse brain. EBCs were non-enzymatically
dissociated and labeled with Vybrant CM-diI according to the manufacturer's protocol
(Molecular Probes). Vybrant CM-diI has been used in our laboratory and by others for
persistent fluorescent labeling of transplanted stem cells [3, 82, 83]. The cells were
transplanted into the striatum of 10-days-old C57CLB6 mice by intracranial injection
(bregma - 1 mm, right hemisphere 2 mm off suture, 2 mm deep) of 105 EBCs in 5 μl of
0.9% sterile saline solution [3, 35]. We transplanted equal numbers of viable untreated and
S18/FTY720-treated cells as determined by trypan blue staining. The pups were grown for
one week or until myelination was accomplished (about 4 weeks) and then sacrificed. Brains
were fixed and cryosectioned (coronal).

Immunocytochemistry
Differentiating ES cells (EBs and EBCs) on poly-L-ornithine/laminin-coated coverslips or
frozen brain sections were fixed with 4% p-formaldehyde in PBS and then permeabilized by
incubation with 0.2% Triton X-100 in PBS for 5 min at RT. The immunostaining of fixed
cells or brain sections followed procedures described previously using a blocking solution of
3% ovalbumin/2% donkey serum in PBS and concentrations of 5 μg/ml primary or
secondary antibody in 0.1% ovalbumin/PBS [3]. Cell nuclei were stained with 2 μg/ml of
Hoechst 33258 in PBS for 30 min at RT. Antigen specific immunostaining was quantified
by counting cells that showed signals twofold or more above background fluorescence.
Confocal fluorescence microscopy was performed with a confocal scanning microscope
(model LSM 510; Carl Zeiss MicroImaging, Inc.; equipped with Argon-488 and He-Neon
543, 633 lasers) using 40 (NA 1.3, oil, plan-neofluor) and 63 (NA 1.4, oil, apochromat)
objectives. Spot Software (Scientific Diagnostics) and LSM 510 Meta 3.2 software (Carl
Zeiss MicroImaging, Inc.) was used for image acquisition from confocal microscopy. Adobe
Photoshop 7.0 software was used for background reduction, pseudo-colorizing, and
overlaying of pseudo-colorized grayscale images.

Results
S1P and FTY720 induce OPCs from EBCs

The in vitro differentiation protocol used in our group followed Dr. Ron McKay's original
procedure of inducing neural differentiation by serum deprivation of mouse ES cells in the
presence of basic fibroblast growth factor (FGF-2) [4, 26]. This protocol consistently yields
a homogenous population of neural precursor cells (NPCs) that are self-renewing and
express well-characterized NPC markers such as Sox1, Nestin, and FGF-2 receptor. Feeder
fibroblast-free ES cells were cultivated for four days as suspension EBs and then for another
four days as attached EBs. At this stage, the cells showed up-regulation of the S1P receptor
S1P1 in NPCs that migrated out of the attached EB (Fig. 2A). Residual pluripotent stem
(rPS) cells in the attached EB expressed the pluripotency marker Oct-4, but they did not
express S1P1 (Fig. 2A).

Based on the observation that NPCs, but not rPS cells express S1P1, we treated attached
EBs with S1P or S1P analogs to test the effect on ES cell differentiation. We used mouse ES
cells that express GFP under control of the Olig2 promoter [84, 85]. Olig2 is a transcription
factor that is expressed in EBCs that differentiate toward oligodendroglial lineage. These
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cells are considered to be equivalent to oligodendrocyte precursor cells (OPCs). Table 1
shows that S1P, FTY720, and the S1P1 agonists VPC24191 and SEW2871 increased the
number of OPCs by 5-to-15-fold. Because of this significant enhancement we termed these
cells induced OPCs or iOPCs. The sphingosine kinase inhibitor 2-(p-hydroxyanilino)-4-(p-
chlorophenyl) thiazole (SKI) or the S1P1 receptor antagonist VPC23019 obliterated the
effect of FTY720, indicating that phosphorylation of FTY720 by sphingosine kinase and
FTY720-P-mediated activation of S1P1 was required to promote oligodendroglial
differentiation from EBCs. However, this effect was likely to involve FTY720-independent
generation of S1P as well because SKI has been described to be specific for sphingosine
kinase 1, while FTY720 has been reported to be predominantly phosphorylated by
sphingosine kinase 2 [86, 87]. Additional effects of FTY720 such as inhibition of
sphingosine kinase 1 or ceramide synthase were unlikely because these effects have only
been reported when FTY720 was used in the micromolar concentration range [88-90].

To test the combinatorial effect of S18 and FTY720 we treated attached EBs with a
combination of S18 and FTY720. Consistent with our previous studies, rPS cells in the
center of the EBs underwent apoptosis and came off the plate [3]. The remaining NPCs
started to express Olig2 in similar proportions as described for cells only incubated with S1P
or its analogs (Table 1). We concluded from these results that a combination of S18 and S1P
or FTY720 can be used to eliminate rPS cells and at the same time, promote
oligodendroglial differentiation.

iOPCs associate with early neurons and differentiate toward oligodendrocytes in vitro and
in vivo

Because iOPCs can potentially myelinate neurons we have focused on the further
characterization of differentiating iOPCs. Using immunocytochemistry we tested for the
expression of the OPC marker O4 and the mature oligodendrocyte marker myelin basic
protein (MBP). We also tested for the expression of Tuj-1 (β-tubulin III), a marker for early
neuron differentiation. Figs. 2 (A and B) and 3 (A and B) show that at early stages of
differentiation, Olig2 (+) iOPCs associate with Tuj-1 (+) early neurons. Interestingly, iOPCs
maintain the expression of S1P1, which suggests that S1P or S1P analogs are beneficial for
further differentiation even after induction of oligodendroglial lineage. Olig2 (+) iOPCs also
express O4 and O1 (Fig. 3C, O1 is not shown), which clearly demonstrates that these cells
undergo oligodendroglial differentiation. The expression of Olig2 is significantly higher in
S18 and FTY720 treated cells than in untreated controls (Fig. 2C), which is consistent with
the results shown in Table 1. After 72 h of further incubation in differentiation medium,
expression of Olig2 fades away while that of O4 increases. Also, a portion of the O4 (+)
cells start to express MBP, indicating that these cells undergo further differentiation to
mature oligodendrocytes. Interestingly, iOPCs associated closely with Tuj1 (+) early
neurons suggesting that they could form a tissue complex required for myelination (Figs.
2B, C and 3).

To test the differentiation potential of iOPCs in vivo, EB-derived cells were treated with 100
μM S18 and 300 nM FTY720 for 48 h. The cells were re-plated and then further treated
with 50 μM S18 and 300 nM FTY720 for 48 h in NP medium prior to the injection into the
brain (striatum) of 10 days old mouse pups. Two sets of 14 mice per set were sacrificed, one
set prior (Fig. 4A) and the other set after completion of myelination (Fig. 4B). Fig. 4A
shows that the injected cells expressed Olig2 and O4 indicating that the graft underwent
oligodendroglial differentiation as described for the in vitro differentiated iOPCs. Fig. 4B
shows that the majority of the injected cells settled in myelin-rich areas of the brain as
indicated by immunocytochemistry for O1 (Fig. 4B). The co-distribution of the fluorescent
Vybrant CM-diI signal with immunostaining for O1 suggested that the grafted cells took
part in or supported myelination. EBCs that were not treated showed teratoma formation in
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about 20% of the transplanted animals as described before [3]. Therefore, the combined
treatment of EBCs with the sphingolipid analogs S18 and FTY720 is a novel approach to
prevent teratoma formation and to engineer OPCs from ES cells.

Discussion
Studies in Dr. Robert K. Yu's laboratory about 30 years ago have pioneered the extensive
use of glycosphingolipid surface markers for the identification and isolation of distinct cell
types and differentiation stages during embryonic brain development [10, 13, 91, 92].
Highlight of this work is the characterization of c-series gangliosides (in particular GT3 and
GQ1c) as antigenic epitope for the A2B5 antibody [91]. This antibody is now widely used
for the purification and identification of glial-restricted precursor cells and OPCs [92-103].
Other examples for surface glycosphingolipids used for the characterization of consecutive
oligodendroglial differentiation stages are O4 (anti-galactosulfatide) and O1 (anti-
galactocerebroside), two markers specific for pre- (O4 (+)/O1 (−)) or immature (O4 (+)/O1
(+)) oligodendrocytes arising from A2B5(+) OPCs [104-108]. The most recent achievement
of Dr. Yu's group is the identification of the ganglioside GD3 for specific labeling (and
sorting) of subventricular zone NP cells [10, 19, 20]. In light of these examples of
glycosphingolipids as specific surface markers of distinct differentiation stages, one will
inquire into their function in development. Most recently, this research has focused on the
role of glycosphingolipids, and in particular gangliosides as raft-forming lipids for growth or
differentiation factor receptor activation.

Our initial work attempted to determine the function of glycosphingolipids by blocking their
biosynthesis with enzyme inhibitors such as the glucosyltransferase inhibitor PDMP [23].
As a side observation of these early studies, we noticed that a) ceramide is elevated when
blocking glucosylceramide biosynthesis, and b) particular cell types are sensitive to
ceramide elevation and undergo apoptosis, while others do not. Using the novel ceramide
analog S18 synthesized for the first time in our laboratory we found that the expression of
the protein PAR-4 renders pluripotent stem cells sensitive to S18 or ceramide-induced
apoptosis [24, 26]. PAR-4 is an endogenous inhibitor of aPKC first described in prostate
cancer cells. It is critical for tumor suppression by inducing apoptosis [109-112]. In
subsequent studies, we found that ceramide promotes binding of aPKC to PAR-4, which
suppresses activation of cell survival pathways such as NF-kB by aPKC in pluripotent stem
cells [22, 26, 113]. When stem cells further differentiate to NPCs, PAR-4 expression is
downregulated, which renders these cells insensitive to ceramide-induced apoptosis. We
have used this regulation to selectively eliminate rPS cells from EBC-derived grafts by
incubation with S18, which significantly enhanced the safety of stem cell transplantation by
preventing teratoma formation from rPS cells [3, 30].

Once NPCs are formed, the role of ceramide and other sphingolipids appears to change
dramatically. We have found that ceramide is now beneficial in two ways: a) it promotes
cell polarity and migration of NPCs, which is likely to involve the ceramide/aPKC complex
in association with cell polarity-related proteins, and b) it will serve as a metabolic precursor
for S1P [30-32]. Ceramide generated at the cell membrane by the (growth factor-dependent)
activation of sphingomyelinase(s) will be internalized by the endo-lysosomal vesicle
trafficking pathway and then hydrolyzed by acid ceramidase to fatty acid and sphingosine.
Sphingosine will be converted to S1P by sphingosine kinase 1 or 2, which will lead to S1P-
dependent regulation of intracellular targets (e.g., histone deacetylase) or binding to cell
surface receptors such as S1P1 [54, 65, 114-117]. In particular, activation of S1P1 has been
demonstrated to sustain cell survival of OPCs and to promote oligodendroglial
differentiation. FTY720, a pro-drug that is phosphorylated by sphingosine kinase to yield a
pharmacological analog of S1P is now used for treatment of multiple sclerosis [61, 63,
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118-120]. While it has been described to suppress the S1P-dependent autoimmune reaction
against myelin, several studies suggest that it has a second activity by direct neurological
effects and promoting OPC survival [62, 120-122]. We have used this activity to generate
iOPCs for transplantation experiments.

We have shown that the combination of two analogs of ceramide (S18) and S1P (FTY720)
will have two effects on differentiating ES cells: a) teratoma-forming rPS cells are
eliminated because they are sensitive to S18 (PAR-4 is expressed) and at the same time, they
are not protected by FTY720 or S1P (S1P1 is not expressed), and b) NPCs will survive and
undergo oligodendroglial differentiation because they are insensitive to S18 (PAR-4 is not
expressed) and at the same time, OPC differentiation is promoted by FTY720 or S1P (S1P1
is expressed). It should be noted that at later oligodendrocyte differentiation stages, the
activity of S1P and FTY720 has been reported to involve a more complex regulation by
various S1P receptors including S1P1, S1P3, and S1P5 [120].

Our results show that the cell population of iOPCs resulting from the incubation of attached
EBs with S18 and FTY720 engrafts into various brain areas and expresses markers for
oligendrocyte maturation and myelin formation. Future studies in our laboratory will now
determine if iOPCs will functionally restore brain tissue in mouse models for dys- or
demyelination diseases. In summary, we have developed are novel protocol for the
generation of OPCs from ES cells based on the specific function of the sphingolipids
ceramide and S1P. The results of these studies will contribute to the evanescent field of
research on the function of sphingolipids in stem cell differentiation and embryo
development. From studies pioneered in Dr. Robert K. Yu's laboratory and now further
developed in our and many other groups it is clear that there is more to a lipid than just
being a fat.
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Abbreviations

aPKC atypical PKC

EB embryoid body

EBC EB-derived cell

ES embryonic stem

iOPC induced oligodendrocyte precursor cell

MBP myelin basic protein

NP neural progenitor

NPC neural precursor cell

OPC oligodendrocyte precursor cell

PAR-4 prostate apoptosis response 4

rPS residual pluripotent stem

S1P sphingosine-1-phoshate

S18 N-oleoyl serinol
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Figure 1. Ceramide and ceramide analogs
Structural comparison of ceramide and ceramide precursors/derivatives (sphingosine/S1P)
and analogs of ceramide (S18) or S1P (FTY720, pro-drug phosphorylated by sphingosine
kinase to yield the S1P analog). A β-hydroxy alkylamine (or amide) motif in ceramide was
used for the design of the novel ceramide analog S18 (N-oleoyl serinol) (Box shows relative
position of this or a similar structural motif in various compounds). For details of S18
synthesis see [24, 60].
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Figure 2. Non-pluripotent EBCs express S1P1 and are induced to OPC lineage specification by
incubation with S18 and FTY720
A. Immunocytochemistry using attached EBs and antibodies against Oct-4 (green) and S1P1
(red). Note that EBCs migrating out of the center are Oct-4 (-) and express S1P1. Pluripotent
(Oct-4(+)) cells in the central EB do not express S1P1. B. Attached EBs were incubated for
48 h with 100 μM S18 and 300 nM FTY720, dissociated, and EBCs further cultivated for 4
days in the presence of 50 μM S18 and 300 nM FTY720, followed by 2 days in
differentiation medium without S18 or FTY720. Differentiating EBCs express Olig2 as
indicated by the expression of GFP (green) under control of the Olig2 promoter. These cells
also express S1P1 (red). Additional cell types undergo neuronal differentiation as indicated
by the expression of β-tubulin III (Tuj-1, blue). C. The number of Olig2 expressing OPCs is
4-5-fold higher when EBCs were incubated with S18 and FTY720.
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Figure 3. iOPCs associate with early neurons and undergo further oligodendrocyte
differentiation
EBCs were treated as described in the legend for Fig. 2B. A. A projection reconstruction of
a Z-stack image shows that the Olig2 expressing OPCs (green) associate with early neurons
(Tuj-1(+), red). B. Experiment as in A, but view on one confocal plane. C. Further
incubation in differentiation medium for 72 h shows that Olig2 expressing cells undergo
oligodendrocyte differentiation as indicated by the appearance of O4 and MBP.
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Figure 4. Transplanted iOPCs undergo oligodendrocyte differentiation in vivo
EBCs were treated as described in the legend for Fig. 2, but only incubated for two days,
labeled with Vybrant CM-diI (red) and then injected into the striatum of 10 days old mouse
pups. A. Mice sacrificed 7 days post-injection, coronal cryosection, and
immunocytochemistry for O4. Olig2 expressing cells spread at the injection site and undergo
oliogdendrocyte differentiation as indicated by staining for O4. C. Mice sacrifice 4 weeks
post-injection, coronal cryosection, and immunocytochemistry for O1. Injected cells migrate
to myelinated areas (corpus callosum) in the brain as indicated by staining for Vybrant CM-
diI in O1 expressing tissue.
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Table 1
S1P, FTY720, and other S1P1 agonists induce OPCs from EBCs

EBCs were incubated for 48 h with S1P (1 μM), FTY720 (300 nM), the S1P1 agonists VPC24191 or
SEW2871 (300 nM) in NP medium. S1P and S1P1 agonists elevate the number of Olig2 (GFP) expressing
cells by more than 4-fold. The S1P1 antagonist VPC23019 (2 μM) inhibits the effect of S1P and S1P1
agonists, indicating that the pro-survival effect of S1P required activation of S1P1. The sphingosine kinase
inhibitor SKI (5 μM) compromises the OPC- inducing effect of FTY720 (see Results for detailed discussion).
(n=4 independent experiments for each effector).

Olig2 expressing cells [%of total cells]

Control (untreated) 2+/-1%

S1P 12+/-3%

FTY720 24+/-5%

VPC24191 28+/-5%

SEW2871 18+/-3%

S1P + VPC23019 2+/-1%

FTY720 + VPC23019 11+/-2%

FTY720 + SKI 2+/-1%
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