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ABSTRACT Prosaposin, the precursor of saposins A, B,
C, and D, was recently identified as a neurotrophic factor.
Herein prosaposin was found to increase sulfatide concentra-
tions in primary and transformed Schwann cells (iSC) and
oligodendrocytes (differentiated CG4 cells). Of the four ma-
ture saposins, only saposin C was found to increase sulfatide
concentrations in these cell types. A similar result was ob-
tained by using peptides (prosaptides) encompassing the
neurotrophic sequence located in the saposin C domain.
Dose–response curves demonstrated maximal enhancement
by saposin C and prosaptides at low nanomolar concentra-
tions (5–10 nM). The increase in sulfatide concentration by a
14-mer prosaptide, TX14(A), in CG4 oligodendrocytes was
about 3-fold greater than in primary Schwann cells. A mutant
prosaptide with a single amino acid replacement of Asn3 Asp
was inactive. Prosaptides did not induce cell proliferation of
primary Schwann cells, iSC cells, or CG4 oligodendrocytes
but nanomolar concentrations of prosaptides prevented cell
death of iSC cells and CG4 oligodendrocytes. Immunoblot
analysis demonstrated that phosphorylation of both mitogen-
activated protein kinase p-42 and p-44 isoforms were en-
hanced 3- to 5-fold after 5 min of treatment with prosaptides
at concentrations of 1–5 nM. These findings suggest that
prosaposin and prosaptides bind to a receptor that initiates
signal transduction to promote myelin lipid synthesis and
prolong cell survival in both Schwann cells and oligodendro-
cytes. Prosaposin may function as a myelinotrophic factor in
vivo during development and repair of myelinated nerves
explaining the deficiency of myelin observed in prosaposin-
deficient mice and humans.

Prosaposin is a 517-amino acid residue protein encoded by a
single locus on human chromosome 10 (1). Proteolytic pro-
cessing of prosaposin gives rise to four sphingolipid activator
proteins named saposins A, B, C, and D that are localized
within lysosomes and that activate the hydrolysis of sphingo-
lipids by lysosomal hydrolases. In addition to its role as a
lysosomal precursor protein, prosaposin is active as a neuro-
trophic factor eliciting neuronal differentiation and triggering
a signal cascade after binding to a cell surface receptor (2–4).
Recently mitogen-activated protein kinase (MAPK) activation
has been shown for prosaposin in PC12 cells (4). The neuro-
trophic region of prosaposin has been localized to a 12-amino
acid residue stretch in the amino-terminal portion of the
saposin C domain (3). We have described (3) several synthetic
peptides derived from this region that are as biologically active
as prosaposin; we named these peptides ‘‘prosaptides.’’

Prosaposin and prosaptides are active on a variety of neu-
ronal cells including hippocampal neurons (5, 6), spinal cord
a-motor neurons (7), sensory neurons of the dorsal root
ganglion (7), cerebellar granule cell neurons (3), and neuro-
blastoma cells (2–4, 8). In each of these cells, prosaposin or
prosaptides stimulate neurite outgrowth in nanomolar con-
centrations and prevent cell death. In this report we demon-
strate that prosaposin and prosaptides stimulate sulfatide
synthesis and increase the sulfatide concentration in Schwann
cells and oligodendrocytes, indicating that prosaposin and
prosaptides are trophic factors for myelin formation.

MATERIALS AND METHODS

Materials. Prosaposin and saposin C were isolated as de-
scribed (9, 10). Two prosaptides were synthesized from the
active region of saposin C; a 22-mer called peptide 769P
(CXFLVKEVTKLIDNNKTEKEIL where X equals D-
alanine) and a 14-mer called peptide TX14(A) (TXLIDNNA-
TEEILY; where X equals D-alanine). A third mutant peptide
769M (CXFLVKEVTKLIDDNKTEKEIL) was identical to
769P except for a D 3 N substitution at position 14. All
peptides were synthesized commercially at 95% purity
(AnaSpec, San Jose CA). The first two peptides were active as
neurotrophic agents in neurite outgrowth assays and as stim-
ulators of MAPK, whereas 769M was inactive (4).
Cell Culture. Primary Schwann cells were prepared from

sciatic nerves isolated from 1-day-old Sprague–Dawley rat
pups by themethod of Assouline et al. (11). At the first passage,
Schwann cells were further selected from fibroblasts using
anti-fibronectin antibody and rabbit complement. This re-
sulted in approximately 99% pure Schwann cell cultures as
assessed by S100 and fibronectin immunofluorescence. The
cultures were then routinely cultured in DMEM (glucose at 1
gyliter) containing 10% fetal calf serum, penicillin at 100
unitsyml, streptomycin at 100 mgyml, bovine pitutary extract at
21 mgyml, and 4 mM forskolin.
iSC cells are a spontaneously transformed line from rat pri-

mary Schwann cells (courtesy of L. Bolin, DNA Research Insti-
tute, Palo Alto, CA) (12). They were maintained in DMEM
(glucose at 1 gyliter), containing 10% horse serum, penicillin at
100 unitsyml, and streptomycin at 100 mgyml and grown at 378C
under humidified 7.5% CO2 (12). CG4 cells (courtesy of R.
Quarles, National Institute ofNeurological Disorders and Stroke,
Bethesda, MD), an O-2A progenitor cell line (13) were routinely
grown in polyornithine-coated plates in 70%DMEM (glucose at
1 gyliter) containing 2 mM glutamine, penicillin at 100 unitsyml,
streptomycin at 100 mgyml, N1 supplement, and 30% B104-
conditionedmedium. The cells were induced to differentiate into
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oligodendrocytes by culturing in medium without B104-
conditioned medium prior to sulfatide analysis (13).
Immunoassay for Sulfatide. Sulfatide concentrations were

determined by TLC immunostaining with a anti-sulfatide
monoclonal antibody (courtesy of Y. Hirabayashi, Riken Fron-
tier, Tokyo). Primary Schwann cells were seeded in 100-mm
Petri dishes and grown to confluency. The CG4 progenitor
cells were seeded at 8 3 105 cells in 100-mm Petri dishes and
cultured for 24 h in DMEM–N1–B104CM. The medium was
then changed to serum-free DMEMyF-12 for primary
Schwann cells or DMEM–N1 plus 0.5% fetal calf serum for
CG4 cells with or without effectors for a further 48 h after
which cells were harvested and sonicated in 100 ml of distilled
water by sonication. To assess inhibition of sulfatide synthesis,
an anti-769P antiserum (3) was added to medium at a con-
centration of 0.5 mlyml. This antiserum has been reported to
block the stimulation of neurite outgrowth in neuroblastoma
cells treated with prosaposin, saposin C, or peptide 769P (3).
An aliquot was taken for protein assay and 90 ml of the
remaining homogenate was extracted with 5 ml of chloroformy
methanol, 2:1 (volyvol), to obtain the lipid fraction. The lipid
fractions were applied to a TLC plate (Polygram SilG; Duren,
Germany) and developed with chloroformymethanolywater,
60:35:8 (volyvol). Immunostaining was performed at 378C by
placing the plate in 10 mM TriszHCl (pH 7.5) containing 0.15
M NaCl in Tris-buffered saline (TBS) containing 1% ovalbu-
min and 1% polyvinylpyrrolidone (PVP)-40 and then incubat-
ing for 1 h with anti-sulfatide antibody in 1% PVP-40yTBS.
The plate was incubated for 1 h with horseradish peroxidase-
conjugated anti-mouse IgG in 1% PVP-40yTBS. After a 1-h
incubation with antibody, the plate was washed for five 5-min
periods with 0.05% Tween 20yTBS. Sulfatide was then quan-
tified by visualizing with an ECL kit (Amersham) and deter-
mining the density of the spot with a densitometer (Image-
Quant, Molecular Dynamics). A standard curve of pure sul-
fatide was used (2–50 ng) to quantify the amount of sulfatide
relative to cell protein (BCA assay, Sigma). All assays were
done in duplicate or triplicate unless otherwise indicated. The
results are the mean 6 SEM of three experiments.
35S Incorporation Assay. iSC cells were seeded in six-well

plates at 8 3 104 cells per well. After a 4-h incubation, the
medium was replaced with serum-free low-sulfate DMEMy
F-12 containing [35S]sulfate (5 mCiyml; 1 Ci 5 37 GBq) with
or without effectors. After 48 h, 35S incorporation into sul-
fatide was determined as described by Cardwell (14). The
results are the mean 6 SEM of three experiments.
Cell Death Assays. iSC cells were plated in six-well plates at

2,000 cells per well and cultured in serum-free DMEMyF-12
medium with or without effectors up to 72 h. CG4 cells were
induced to differentiate into oligodendrocytes for 2 days in
DMEM–N1 medium; the medium was then changed to DMEM
(no fetal calf serum), TX14(A) was added, and dead cells were
assayed by the trypan blue exclusion assay 24 h later as described
(3). The results are the mean 6 SEM of three experiments.

Cell Proliferation Assays. Primary Schwann cells and iSC
cells were plated in 96-well plates at 8,000 cells per well and
4,000 cells per well, respectively. Effectors were added and
serially diluted 1:2 to give a concentration curve. The cells were
incubated for 48 and 72 h and cell proliferation was assessed
by an MTT assay kit (Promega). The results given are the
average 6 SEM of duplicate experiments.
MAPK Phosphorylation Assay. Prior to the addition of

effectors, cells were grown to approximately 85% confluency
and then primary cells and iSC cells were placed in serum-free
medium for 6 and 18 h, respectively. After stimulation with
effectors MAPK phosphorylation was assayed by using a
commercial kit (Upstate Biotechnology) as described (4).
Autoradiographs were scanned with ImageQuant and the
densitometric data were expressed as a ratio of phosphorylated
to unphosphorylated MAPK. The results are representative of
three or more experiments.

RESULTS

To determine whether prosaposin stimulates myelin lipid synthe-
sis, we assessed the effects of prosaposin and saposins on sulfatide
concentration in primary Schwann cells. Fig. 1 shows the change
in sulfatide content of primary Schwann cells after treatment with
prosaposin or saposins A–D. TLC immunostaining analysis re-
vealed a 2- to 3-fold increase in sulfatide concentration after 2
days in cells treated with saposin C (4 nM) compared with
controls. Saposins A, B, and D were inactive. We then tested
whether prosaptides increased the sulfatide concentration in
primary Schwann cells. As shown in Fig. 2, TX14(A) increased
the sulfatide concentration in primary Schwann cells in a dose-

FIG. 1. Enhancement of sulfatide content in primary Schwann cells
by prosaposin and saposin A–D. Primary Schwann cells were incubated
in medium containing prosaposin (250 ngyml) or individual saposins
(50 ngyml) for 48 h, and sulfatide concentrations were determined.

FIG. 2. Effect of prosaptides on sulfatide content in primary
Schwann cells. (a) Effect of the 14-mer prosaptide, TX14(A). The cells
were cultured in medium containing TX14(A) at concentrations from
0 to 50 ngyml for 48 h and duplicate values were averaged. (b) Effects
of 769P and 769M and an antiserum raised against 769P. Sulfatide
concentrations were determined.
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dependent manner with a maximum stimulation at 10 ngyml (7
nM). Prosaptide 769P gave a similar increase; however, the
mutant peptide 769M was inactive. In addition, an antibody
against 769P blocked the increase by this peptide.
A similar assay was performed in the glial cell line CG4. As

shown in Fig. 3, sulfatide concentration in CG4 cells that had
differentiated into oligodendrocytes was enhanced about
6-fold compared with controls containing TX14(A) at 10
ngyml. The dose–response curve appeared to be bimodal in
both Schwann cells and CG4 oligodendrocytes.
The sulfatide concentration in untreated primary Schwann and

CG4 oligodendrocytes was 50–60 ngymg of protein and 300–400
ngymg of protein, respectively. In iSC cells the sulfatide concen-
tration was 3–5 ngymg of protein, which was too low to assay by
the immunostaining method. In iSC cells the incorporation of
[35S]sulfate into sulfatide was determined and a dose–response
curve demonstrated that saposin C and TX14(A) enhanced
incorporation 20–30% greater than controls (data not shown).
To further examine the effect of TX14(A) on Schwann cells

and CG4 oligodendrocytes, we studied the effect of the peptide
on cell proliferation and cell death prevention. Both forskolin and
bovine pituitary extract, used as positive controls, stimulated
primary Schwann cell growth, but TX14(A) did not induce
proliferation at concentrations up to 50 nM even in the presence
of 50 mM forskolin (Fig. 4). However, TX14(A) prevented cell
death when cells were placed in low serum. This effect was
evident at concentrations of 1 and 5 nM compared with controls
(P , 0.05), both in iSC cells and CG4 oligodendrocytes (Fig. 5).
Since prosaptides were found to stimulate MAPK phos-

phorylation in PC12 cells (4), we investigated whether pro-
saptide TX14(A) stimulated MAPK phosphorylation in pri-
mary Schwann cells. As shown in Fig. 6, TX14(A) increased
MAPK phosphorylation of both p42 and p44 isoforms by
approximately 3-fold and 5-fold, respectively at 5 nM
TX14(A). Similar phosphorylations of MAPK were observed
when iSC cells were treated with TX14(A) (Fig. 6c). No
enhancement of MAPK phosphorylation was observed when
cells were treated with 769M (data not shown). DISCUSSION

Thus far the cells that have been reported to respond to
prosaposin or prosaptides have been neuronal in origin. How-
ever, reports of prosaposin deficiency have emphasized hypo-
myelination as a pathological hallmark. Hartzer et al. (15)
reported the clinical description of a child who presented with
severe clonic-tonic seizures beginning at birth, muscle fascicu-
lations, and hypotonia and cortical hypomyelination suggestive
on radiological examination. Myelin degeneration was also
noted on a peripheral nerve biopsy. Subsequently, total pro-
saposin deficiency due to a transversion of the initiation codon
of prosaposin cDNA in both alleles was found in studies of this
patients cells (16).

FIG. 5. Prevention of cell death in iSC Schwann cells by TX14(A).
The 14-mer prosaptide was added at 1 or 5 nM. After 48 h of culture,
trypan blue-positive cells were scored.

FIG. 3. Effect of TX14(A) on sulfatide content in CG4 oligoden-
drocyte cells. (a) The cells were cultured for 48 h inmedium containing
TX14(A) at concentrations from 0 to 20 ngyml. Control lane contains
5 ng of sulfatide. (b) Graphical representation of results shown in a.

FIG. 4. Effect of TX14(A) on growth of primary Schwann cells. (a)
Cells were incubated for 48 h in DMEMwith 10% fetal calf serum and
bovien pituitary extract (0–84 mgyml) in the absence (open square) or
presence (solid circle) of 50 mM forskolin. (b) Cells were incubated for
48 h inDMEMwith 10% fetal calf serum and 0–50mMforskolin (open
squares) or 0–50 nM TX14(A) in the absence (solid circle) or presence
(solid square) of 50 mM forskolin.
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Both central and peripheral deficiency of myelin was doc-
umented in a prosaposin-deficient transgenic knockout mouse
(17). The phenotype was that of severe central and peripheral
hypomyelination noted after 1 month of age combined with
neuronal and parenchymal lipid storage. On pathological
inspection central myelin was severely deficient and hypomy-
elination of the sciatic nerve was evident.
Recently, it was demonstrated that prosaposin mRNA levels

increase nearly 6-fold 7 days after sciatic nerve crush (18). The
timing of this response is coincident with nerve regeneration
including remyelination. It has been reported that application
of prosaposin to the cut end of sciatic nerves prevents the
dieback of myelinated axons normally observed after transec-
tion (6). These observations indicate that prosaposin may play

an important role in development and injury repair of both
central and peripheral myelinated nerves.
Our present demonstration that prosaposin, saposin C, and

prosaptides stimulate MAPK phosphorylation and increase
the sulfatide content in both Schwann cells and in oligoden-
drocytes suggests that hypomyelination in the prosaposin-
deficient human and in the transgenic prosaposin knockout
mouse is due to a deficiency of the trophic action of prosaposin
on myelination. Although the increased content of sulfatide
after treatment could also be due to decreased degradation,
the demonstration of increase sulfate incorporation into sul-
fatide, the rate and magnitude of the sulfatide increase, and
phosphorylation of MAPK indicate enhanced synthesis as the
basis for the increase. Prosaposin and prosaptides appear to
induce both differentiation of neuronal cells (2, 3, 8) and
synthesis of gangliosides (19); the present study indicates that
Schwann cells and oligodendrocytes respond similarly. Studies
are underway in experimental animals to determine the effi-
cacy of prosaptides as therapeutic agents for the treatment of
demyelinating peripheral neuropathy and to ascertain their
effects upon myelin synthesis in central demyelinating models.

We thank Drs. Lyn Bolin and Richard Quarles for iSC and CG4 cells
and Dr. David Schubert for B104 cells. This project was supported by
a grant fromMyelos Neurosciences (J.S.O.) and by National Institutes
of HealthyNational Institute of Diabetes and Digestive and Kidney
Diseases Grant DK07318–18 (W.M.C.).

1. O’Brien, J. S. & Kishimoto, Y. (1991) FASEB J. 5, 301–308.
2. O’Brien, J. S., Carson, G. S., Seo, H.-C., Hiraiwa, M. & Kishi-

moto. Y. (1994) Proc. Natl. Acad. Sci. USA 91, 9593–9596.
3. O’Brien, J. S., Carson, G. S., Seo, H.-C., Hiraiwa, M., Weiler, S.,

Tomich, J. M., Barranger, J. A., Kahn, M., Azuma, N. & Kishi-
moto, Y. (1995) FASEB J. 9, 681–685.

4. Campana, W. M., Hiraiwa, M., Addison, K. C. & O’Brien, J. S.
(1996) Biochem. Biophys. Res. Commun. 229, 706–712.

5. Sano, A., Matsuda, S., Wen, T.-C., Kotani, Y., Kondoh, K., Ueno,
S., Kakimoto, Y., Yoshimura, H. & Sakanaka, M. (1994) Bio-
chem. Biophys. Res. Commum. 204, 994–1000.

6. Kotani, Y., Matsuda, S., Wen, T.-C., Sakanaka, M., Tanaka, J.,
Maeda, N., Kondoh, K., Ueno, S. & Sano, A. (1996) J. Neuro-
chem. 66, 2197–2200.

7. Kotani, Y., Matsuda, S., Sakanaka, M., Kondoh, K., Ueno, S. &
Sano, A. (1996) J. Neurochem. 66, 2019–2025.

8. Qi, X., Qin, W., Sun, Y., Kondoh, K. & Grabowski, G. (1996)
J. Biol. Chem. 271, 6874–6880.

9. Hiraiwa, M., O’Brien, J. S., Kishimoto, Y., Galdzicka, M., Flu-
harty, A. L., Ginns, E. I. & Martin, B. M. (1993) Arch. Biochem.
Biophys. 304, 110–116.

10. Morimoto, S., Yamamoto, Y., O’Brien, J. S. & Kishimoto, Y.
(1990) Anal. Biochem. 190, 154–157.

11. Assouline, J. G., Bosch, E. P. & Lim, R. (1989) in A Dissection
and Tissue Culture Manual of the Nervous System, eds. Shahar, A.,
de Vellis, J., Vernadakis, A. & Haber, B. (Wiley–Liss, New
York), pp. 247–250.

12. Bolin, L. M., Iismaa, T. P. & Shooter, E. M. (1992) J. Neurosci.
Res. 33, 231–238.

13. Louis, J. C., Magal, E., Muir, D., Manthorpe, M. & Varon, S.
(1992) J. Neurosci. Res. 31, 193–204.

14. Cardwell, M. C. & Rome, L. H. (1988) J. Cell Biol. 107, 1551–
1559.

15. Harzer, K., Paton, B. C., Poulos, A. Kustermann-Kuhn, B.,
Roggendorf,W., Grisar, T. & Popp,M. (1989)Eur. J. Pediatr. 149,
31–39.

16. Schnabel, D., Schroder, M., Fürst, W., Klein A., Hurwitz, R.,
Zenk, T., Weber, J., Harzer, K., Paton, B. C., Poulos, A., Suzuki,
K. & Sandhoff, K. (1992) J. Biol. Chem. 267, 3312–3315.

17. Fujita, N., Suzuki, K., Vanier, M. T., Popko, B., Maeda, N.,
Klein, A., Henseler, M., Sandhoff, K., Nakayasu, H. & Suzuki, K.
(1996) Hum. Mol. Genet. 5, 711–725.

18. Gillen, C., Gleichmann, M., Spreyer, P. & Müller, H. W. (1995)
J. Neurosci. Res. 42, 159–171.

19. Misasi, R., Sorice, M., Carson, G. S., Griggi, T., Lenti, L.,
Pontieri, G. M., O’Brien, J. S. (1996) Glycoconjugate J. 13, 1–8.

FIG. 6. Phosphorylation of MAPK in primary Schwann and iSC
cells after stimulation with TX14(A). (a Upper)Western blot ofMAPK
phosphorylation in primary Schwann cell lysates with a polyclonal
antibody that recognizes phosphorylatedMAPK p42 and p44. (Lower)
Western blot of MAPK phosphorylation in primary Schwann cell
lysates with a polyclonal antibody that recognizes unphosphorylated
MAPK p42 and p44. Lanes: 1, control; 2, TX14(A) at 1 nM; 3,
TX14(A) at 5 nM. (b) Ratio of phosphorylated MAPK to unphos-
phorylatedMAPK in primary Schwann cells by densitometric analysis.
(c) Ratio of phosphorylated MAPK to unphosphorylated MAPK in
iSC Schwann cells by densitometric analysis.
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