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The prosaposin gene encodes a 70 kDa protein. This protein

might either reach the lysosomes and get processed there to four

peptides, which are activators of known lysosomal enzymes, or

be secreted by cells as a 70 kDa protein, recently anticipated to

have several biological activities. The human prosaposin gene has

a 9 bp exon (exon 8) that is alternatively spliced, thus encoding

three prosaposin forms: one with an extra three amino acid

residues, one with an extra two residues and a third form with no

extra residues. With the aim of testing whether there is an

association between the alternative splicing and the differential

sorting of prosaposins, we cloned two human prosaposin cDNA

forms in a T
(
}EMC}vaccinia virus-derived vector and expressed

INTRODUCTION

Several lysosomal hydrolases involved in the catabolism of

complex sphingolipids require interactions with activator

proteins for optimal hydrolytic activity. These activator proteins

are heat-stable low-molecular-mass peptides [1,2]. Studies in �itro

have shown that saposin B (also designated SAP-B or SAP-1, for

sphingolipid activator protein-1) participates in the hydrolysis of

sulphatide by arylsulphatase A, sphingomyelin by sphingo-

myelinase and globotriaosylceramide by β-galactosidase A [3].

Saposin C (or SAP-C or SAP-2) enhances the hydrolysis of

glucosylceramide by β-glucocerebrosidase [3,4]. Saposin D

participates in the hydrolysis of ceramide catalysed by ceramidase

[5] ; saposin A activates the degradation of galactosylceramide

[6]. Another activator protein is required for the degradation

of GM2 ganglioside by β-N-acetylhexosaminidase A [7]. The

physiological significance of these activators was demonstrated

by the observation that a deficiency in a specific saposin results in

a disease similar to that observed when the activity of the corre-

sponding enzyme is decreased drastically. Thus metachromatic

leucodystrophy results from mutations inactivating either the

enzyme arylsulphatase A or its activator saposin B (reviewed in

[3]). Gaucher disease is due to the inactivation of gluco-

cerebrosidase (reviewed in [8]) or a deficiency of saposin C [9].

Tay–Sachs can result from the inactivation of β-N-acetyl hexo-

saminidase A or an absence of its corresponding activator [3].

Results from several laboratories have demonstrated that one

gene, designated prosaposin, encodes for the four saposins [3]. It

has already been shown that the prosaposin gene is regulated in

a differential manner [10]. Results of in situ hybridization

experiments on 12.5-day-old mouse embryos indicated high

expression in the hindbrain, the dorsal ganglia and the genital

ridge (the primordium for both the male and the female gonads).

Abbreviations used: Br-CBE, bromoconduritol-B-epoxide ; DMEM, Dulbecco’s modified Eagle’s medium; FCS, fetal calf serum; LR12-CS, lissamine
rhodamine-12-cerebroside sulphate (sulphatide) ; LR12-GC, lissamine rhodamine-12-glucosylceramide (glucocerebroside) ; MOI, multiplicity of
infection.

1 To whom correspondence should be addressed (e-mail horwitzm!post.tau.ac.il).

them in human cells. The results indicated that the prosaposin

containing the three extra residues accumulated faster and in

greater amounts in the medium, whereas the prosaposin with no

extra residueswasmainly destined for lysosomes. Pointmutations

created by mutagenesis in �itro in the 9 bp stretch had a diverse

effect on prosaposin secretion. When supplied to cells in the

medium, both prosaposins were endocytosed and reached the

lysosomes, where they were processed to active saposin B and

saposin C. The activities of the saposins were monitored quali-

tatively and quantitatively. Quantitatively, lipids were extracted

from the cells, separated on TLC and measured fluorimetrically.

Qualitatively, cells were detected by fluorescence microscopy.

In adults, prosaposin mRNA was detected in the male testis

Sertoli cells, Leydig cells and peritubular cells and also in the

corpus luteum of the female gonads [11]. Immunohistochemical

analyses demonstrated expression in mouse testis Sertoli cells, in

small intestine and large intestine enterocytes, in type II pneumo-

cytes and macrophages of the lung, in several neuronal cells

of retinal layers and in the epithelial cells lining the proximal

convoluted tubules of the kidney [12].

The prosaposin gene is transcribed to two major mRNA

species and a minor species in normal individuals (Figure 1).

Besides the shortest mRNA, which is co-linear with the amino

acid sequence of saposin B, there is a longer species with an

additional stretch of nine bases within the saposin B coding

domain as well as a minor mRNA species with only six bases of

the nine-base stretch [13,14]. These different mRNA species

result from alternative splicing. The extra 9 bp represent a

separate exon whose sequence is CAGGATCAG and is preceded

by the sequence gttcaacag (gttcaacagCAGGATCAG), which

serves as an acceptor (3«) splice site. Within the 9 bp exon the AG

preceding the six bases GATCAG might also serve as an acceptor

site. There is no clue as to the function of the three alternative

mRNA species. The shortest mRNA seems to be functional. It is

co-linear with the amino acid sequence of saposin B [15].

Prosaposin is not only destined for lysosomes, where it is

processed to the four different saposins, which have a known bio-

logical function as activators of lysosomal enzymes: its 70 kDa

counterpart has been identified as the major product secreted by

Sertoli cells [16,17] and in several other body fluids [18,19].

Prosaposin was shown to be active in a variety of neuronal cells

including hippocampal neurons [20,21], spinal cord α-motor

neurons [22], cerebellar granule cell neurons [23] and neuro-

blastoma cells [20,22–25]. In each of these cells prosaposin

stimulated neurite outgrowth and prevented cell death. In
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Figure 1 Structure of the human prosaposin gene

The figure depicts the alternatively spliced exon (exon 8) and the three possible proteins that derive from it.

addition, it was shown to stimulate sulphatide synthesis and to

increase the sulphatide concentration in Schwann cells and

oligodendrocytes, thus indicating its possible role as a trophic

factor for myelin formation [26]. Moreover, hypomyelination

was demonstrated in the prosaposin knock-out mouse [27]. It

was also shown that prosaposin stimulates the phosphorylation

of mitogen-activated protein kinase [26].

With the aim of understanding the possible role of alternative

splicing in the differential sorting of prosaposins, prosaposin

cDNA species with no extra or 9 extra base pairs were cloned

into the T
(
}EMC}vaccinia virus hybrid expression vector

(pTM1). Vaccinia virus, a member of the smallpox virus family,

is a cytoplasmic DNA virus, encoding for its own transcription

and RNA-modifying enzymes [28]. Vaccinia is widely used as a

viral expression vector because of its wide host range (mammalian

and avian cells) and because it leads to a high expression level of

the target gene. The recombinant vaccinia virus vTF7-3 [29]

provides expression of the bacteriophage T
(
RNA polymerase, a

prokaryotic enzyme that can transcribe any T
(

promoter-con-

taining DNA introduced into the cytoplasm of the infected cell.

The target gene is coupled to the T
(

polymerase promoter,

followed by the 5« encephalomyocarditis virus 5«-untranslated

region [30,31]. Recombinant viruses were produced and were

used to infect human cells. The results indicated that the

prosaposin containing the three extra amino acid residues was

mainly secreted to the medium, whereas most of the prosaposin

containing no extra residues was sorted to the lysosomes. When

expressed as recombinant proteins, both prosaposins reached the

lysosomes and were processed there to saposin B and saposin C.

When supplied to human prosaposin-deficient cells, they were

endocytosed, reached the lysosomes and processed there to

saposins B and C, which activated endogenous gluco-

cerebrosidase or arylsulphatase A activity respectively.

MATERIALS AND METHODS

Cells and viruses

HeLa cells and BSC-1 cells were grown in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% (v}v) fetal

calf serum (FCS). Human foreskin fibroblasts (FS11) were grown

in DMEM supplemented with 20% (v}v) FCS. Primary Gaucher

fibroblasts and human prosaposin-deficient fibroblasts were

grown in minimal essential medium containing 20% (v}v) FCS.

When cells were grown in FCS-depleted medium they were

supplemented with 1¬OPI (100¬OPI is 10 mM Na pyruvate}
20 mM oxaloacetic acid}20 i.u.}ml insulin). All cells were grown

at 37 °C in the presence of air}CO
#

(19:1). Wild-type vaccinia

virus (v-WR), vTF7-3 (expressing the T7 RNA polymerase) and

recombinant viruses were propagated in HeLa cells. Titres were

determined with BSC-1 cells. Stocks were stored at ®80 °C.

Primers

The primers used were as follows: 1, TACGCCCTCTTCCTC-

CTGG (3736) ; 2, GAGGGTAGAGGAGGAGAG (1642) ; 3,

AGATCTCCTTGGGTTGCATGTGCATCATCATC (LO3);

4, GATGATGATGCACATGCAACCCAAGGAGATCT

(LO5); 5, GCCAGAGCAGAGGTGCAG (3655) ; 6, ATG-

CACATGGAGGATCAGCAGCAA (211074) ; 7, ACATG

CAGGCTCAGCAACC (19823) ; 8, ATGCAGGATGAGCA-

ACCCAA (202526).

Plasmid construction

The construction of recombinant vaccinia virus containing the

human prosaposin cDNA harbouring the extra 9 bp is depicted in
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Figure 2 Construction of the pTM1-derived plasmid containing the human prosaposin cDNA with the extra nine base pairs

The 5« sequence of the prosaposin cDNA was amplified by PCR with primers 1 and 2 (for details see the Materials and methods section). The 544 bp PCR fragment was ligated to the pTM1

vector after its digestion with Nco I and blunting of the cohesive ends. The resulting vector (pTM-psap) was digested with Sac I and Pst I, then ligated with a 1750 bp Pst I (partial)– Sac I fragment

of the 3« end of the human prosaposin cDNA to yield a plasmid containing the full coding prosaposin cDNA, designated pHpsap9.

Figure 2. The 5« sequence of the prosaposin cDNA was amplified

by the PCR technique by using primer 1, which was designed to

amplify sequences immediately downstream of the prosaposin

initiating methionine and primer 2, in the anti-sense orientation

(see the list of primers). The 544 bp PCR product was ligated to

the pTM1 vector after its digestion with NcoI and blunting of the

cohesive ends with the Klenow fragment of Escherichia coli

DNA polymerase I. The resulting vector (pTM-psap) was then

digested with SacI and PstI and ligated with a 1750 bp PstI–SacI

fragment from the 3« end of the human prosaposin cDNA.

This fragment was obtained by cleavage of a plasmid containing

the prosaposin cDNA with SacI followed by partial digestion

with PstI. The plasmid containing the full coding prosaposin

cDNA region was designated pHpsap9.

In vitro mutagenesis

The prosaposin cDNA with no extra base pairs was generated by

PCR. As shown in Figure 3, four primers were used to amplify

two cDNA fragments (see the list of primers). Primers 1 and 3

amplified a 780 bp fragment and primers 4 and 5 amplified a

410 bp fragment. The two fragments were isolated from a 1%

(w}v) agarose gel with the Jetsorb kit (Genomed, GMBH, Bad

Oeynhausen, Germany), annealed through their 32 bp identical

sequences and the extended fragment was amplified by using

primers 1 and 5 to give rise to a 1190 bp fragment. This fragment

was digested with the restriction enzymes NdeI and EcoRI to

yield a 238 bp NdeI–EcoRI fragment (without the extra 9 bp),

which was ligated to pHpsap9 after its digestion with EcoRI and

partial cleavage with NdeI. The authenticity of the resulting

vector, designated pHpsap0, was confirmed by sequencing.

Point mutations in the extra 9 bp (exon 8) of the human

prosaposin cDNA were generated by in �itro mutagenesis with

the Transformer Site Directed Mutagenesis Kit (Clontech, Palo

Alto, CA, U.S.A.) and appropriate primers. Each of the three

residues (Gln-Asp-Gln) was mutated independently within the

pHpsap9 vector, by using the mutated oligonucleotide primers 6

(for M1), 7 (for M2) and 8 (for M3).

Generation of recombinant vaccinia virus

Generation of recombinant vaccinia viruses was essentially as
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Figure 3 Construction of the pTM1-derived plasmid containing the human prosaposin cDNA without extra base pairs by in vitro mutagenesis

Four primers were used to amplify two cDNA fragments. Primers 1 and 3 (see the Materials and methods section) amplified a 780 bp fragment and primers 4 and 5 amplified a 410 bp fragment.

The two fragments were isolated from a 1% (w/v) agarose gel and subjected to a second PCR with primers 1 and 5 (see the Materials and methods section). The two fragments were annealed

through their 32-bp identical sequence and the extended fragment was amplified to give rise to a 1190 bp fragment. This fragment was digested with Nde I and EcoRI. The 238 bp NdeI–EcoRI

fragment was ligated with pTM1-Hpsap9 after its digestion with Nde I (partial) and EcoRI. Authenticity was determined by sequencing. The resulting vector without the extra 9 bp was designated

pHpsap0.

described elsewhere [32]. The virus containing prosaposin with

the extra 9 bp was designated Hpsap9 and the one without it

Hpsap0. Viruses carrying mutations in the extra 9 bp of the

prosaposin cDNA were designated Hpsap9M1 (first residue

Glu), HpsapM2 (second residue Ala) and HpsapM3 (third

residue Glu).

RNA preparation

Subconfluent HeLa cells (5¬10' cells per plate) were co-infected

with vTF7-3 and one of the recombinant viruses at a multiplicity

of infection (MOI) of 10 plaque-forming units per cell. After 48 h

the medium was aspirated and RNA was extracted with Tri-

Reagent (Molecular Research Center, Cincinnati, OH, U.S.A.).

The RNA pellet was air-dried and resuspended in 0.1 ml of

distilled water.

Northern blot analysis

Loading buffer was added to the RNA samples and incubated

for 10 min at 65 °C. Dye marker was added and the samples were

loaded on a 6% (v}v) formaldehyde}1% (w}v) agarose gel.

After electrophoresis (4 h, 50 V), the gel was soaked for 45 min

in 10¬SSC and blotted overnight in 20¬SSC (1¬SSC¯
0.15 M NaCl}0.015 M sodium citrate). The filter (Hybond N)

was baked for 2 h at 80 °C [33]. Hybridization and washes

were performed as described elsewhere [34].

Metabolic labelling

Cells were infected with the recombinant viruses as described

above. After 24 h, medium was removed and methionine-

depleted DMEM was added for 30 min; 0.5 ml of methio-

nine-depleted medium containing 190 mM NaCl and 20 µCi of

[$&S]methionine (3000 Ci}mmol; Amersham) was added to
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5¬10& cells. After a 1 h pulse, medium was removed and fresh

DMEM containing either FCS or OPI supplements was added as

described. At the end of the labelling or after different durations

of chase, medium was collected and the cells were lysed by the

addition of 0.5 ml of PBS containing 1% (v}v) Nonidet P40,

2 mM EGTA, 5 mM MgCl
#

and 1 mM PMSF. Cell lysate

samples containing the same amount of radioactivity were

subjected to SDS}PAGE [10% (w}v) gel] [35]. Gels were fixed,

stained and dried after treatment with Amplify solution

(Amersham) for 30 min. Samples of medium containing the

same relative amount of cellular radioactivity were subjected to

electrophoresis as described above.

Immunoprecipitation

Medium was collected and samples, determined as described

above, were immunoprecipitatedwith anti-(saposinC) polyclonal

antibodies [36] by using the method described previously [37].

The precipitates were subjected to SDS}PAGE [15% (w}v) gel] ;

the gel was then fixed, dried and exposed to an X-ray film (Rx;

Fuji). Quantification was performed with an Agfa Phosphor-

Imager (Fuji bas 1000).

Loading experiments

Loading experiments were performed essentially as described

elsewhere [32,38–40]. Cells (5¬10&) were supplemented with

10 nmol}ml lissamine rhodamine-12-glucosylceramide (gluco-

cerebroside) (LR12-GC) or lissamine rhodamine-12-cerebroside

sulphate (sulphatide) (LR12-CS) (synthesized by a modification

of the method of Marchesini et al. [41]) for 48 h together with

20 µM of bromoconduritol-B-epoxide (Br-CBE) (kindly pro-

vided by Dr. Legler, University of Cologne, Cologne, Germany).

Cells were infected in the same medium with vTF7-3 and each of

the recombinant viruses as described above; 3 h later, medium

was removed, cells were washed twice with PBS and DMEM

without Phenol Red, supplemented with 20% (v}v) FCS, was

added to cells. After 18 h, cells were washed with PBS and lysed

in 0.5 ml of distilled water. After protein determination, cell

lysate was extracted with chloroform}methanol (1 :1, v}v) and

dried. Chloroform}methanol (1 :1, v}v) (50 µl) was added and

the samples were separated by TLC (Silica gel 60A; Whatman)

in chloroform}butanol}ethyl acetate}0.25% KCl}methanol

(25:25:25:9:16, by vol.). Spots on the TLC plates were revealed

under a UV lamp. Glucosylceramide or cerebroside sulphate and

ceramide were scraped off the plate and eluted with chloroform}
methanol (1 :1, v}v) and their fluorescence was measured in a

spectrofluorimeter (Perkin–Elmer Luminescence Spectrometer

LS 50; excitation wavelength 560 nm; emission wavelength

580 nm).

Fluorescent staining of cells

Cells (10%) were grown on coverslips and loaded with 10 nmol of

LR12-GC for 24 h; chase was performed for 24 h. At the end

of the chase, the coverslips were fixed in 3.7% (v}v) formaldehyde

for 30 min at room temperature. After washes in PBS, the slides

were glued with Galvanol mounting solution.

Preparation of medium containing prosaposin

HeLa cells (5¬10&) were infected with vTF7-3 and each of the

recombinant viruses harbouring the prosaposin cDNA species as

described above. After 48 h, medium was collected, centrifuged

at 15000 g and filtered through membrane (pore size 0.25 µm) to

remove virus residues. Purified medium was frozen in aliquots at

®20 °C.

Protein determination

Protein content was determined by the Bradford technique [42].

Restriction enzymes

Restriction enzymes were purchased from several companies and

employed in accordance with manufacturers’ recommendations.

Random-primed labelling

AkitwaspurchasedfromFermentaseand labellingwasperformed

in accordance with the manufacturer’s recommendations.

RESULTS

Construction of recombinant vaccinia virus containing the human
prosaposin cDNA

To establish an efficient expression system for the human

prosaposin cDNA species that would enable us to study their

sorting, we used the hybrid T
(
}EMC}vaccinia virus-derived

expression system. The prosaposin cDNA species containing no

extra or 9 extra base pairs were introduced into the pTM1 vector

as shown in Figures 2 and 3 respectively and as explained in

the Materials and methods section. Recombinant viruses were

produced and designated Hpsap9 and Hpsap0 respectively.

RNA expression

To follow protein processing it was important to demonstrate

that the steady-state RNA levels directed by the different

recombinant viruses are comparable. To that end, HeLa cells

were co-infected with vTF7-3 and either Hpsap9 or Hpsap0 at an

Figure 4 Northern blot analysis of human prosaposin RNA

HeLa cells were co-infected with vTF7-3 and the viruses harbouring the different prosaposin

cDNA species. At 18 h after infection, RNA was extracted and subjected to formaldehyde/agarose

gel electrophoresis, then blotted and hybridized with 32P-labelled human prosaposin cDNA. The

blot was washed and rehybridized with 32P-labelled human rRNA cDNA (results not shown). The

numbers underneath the blot summarize PhosphorImager measurements of four independent

experiments, with the results normalized to represent the amount of prosaposin mRNA relative

to the rRNA present in each sample. RNA derived from pHpsap0 was taken as 100%.
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Figure 5 Metabolic labelling of cells

Subconfluent monolayers of normal human fibroblasts were co-infected (MOI¯ 10 for each virus) with vTF7-3 and each of the different recombinant viruses in serum-free medium supplemented

with OPI. After 20 h, cells were metabolically labelled for 1 h with [35S]methionine followed by 2 or 24 h of chase. Cell lysates (A) and medium (B) were collected. Samples were subjected to

SDS/PAGE [10% (w/v) gel] ; the gel was then fixed, dried, exposed to an X-ray film, and a PhosphorImager analysis was performed. [Panels (C) and (D) represent quantification of results presented

in (A) and (B) respectively]. The arrows show the position of prosaposin.

MOI of 10 plaque-forming units per cell of each virus. After 48 h,

RNA was extracted and subjected to Northern analysis with

prosaposin cDNA as a probe. As shown in Figure 4, a major

RNA species, 3 kb in size, was detected. This RNA was highly

overexpressed as exemplified by the difference between HeLa

cells infected only with vTF7-3 in comparison with cells co-

infected with vTF7-3 and each of the recombinant viruses. Under

the exposure conditions used in this experiment the endogenous

prosaposin RNA levels in HeLa cells infected with vTF7-3 were

below the detection level. To quantify prosaposin RNA in the

different clones, the filters were rehybridized with a human

rRNA cDNA probe and the amount of the prosaposin RNA

species was calculated relative to that of the rRNA species. The

results indicated that the amounts of steady-state prosaposin

RNA originating from the two clones were comparable. There-

fore any difference between the two prosaposins could not have

been due to different mRNA levels.

Protein expression and processing

To follow the processing pattern and the fate of the two

prosaposins, pulse–chase experiments were performed. FS11

subconfluent monolayers were co-infected with vTF7-3 and each

of the recombinant viruses. After a 1 h pulse, a chase was

performed in serum-free medium supplemented with OPI. At the

end of the pulse and after different durations of chase, medium

was collected and cell lysates were prepared and subjected to

electrophoresis as described in theMaterials and methods section.

As shown in Figure 5(A), both prosaposin cDNA species directed

the synthesis of a predominant 67–70 kDa prosaposin protein

that was visible after 1 h of labelling. The amount of this

protein decreased in the cells during the chase period. The

mature low-molecular-mass saposins could not be detected.

However, immunoprecipitation of cell lysates with anti-(saposin

C) antibodies revealed a 9–12 kDa protein (see Figure 8A). In the

medium (Figure 5B), the prosaposin containing the three extra

residues accumulated more rapidly and to higher levels. No

immunoprecipitations were needed to detect the prosaposin in

the medium when we grew the cells in serum-free medium. To

prove that the accumulated 67–70 kDa protein was prosaposin

we performed immunoprecipitation. To that end, HeLa cells

were co-infected with vTF7-3 and each of the recombinant

viruses, and pulse–chase analysis was performed. Medium was

collected and cell lysates were prepared. Samples of medium as

well as samples from cell lysates were immunoprecipitated with

anti-(saposin C) antibodies and subjected to SDS}PAGE. The

results again indicated that the prosaposin containing the three

extra residues was preferentially secreted from the cells and

accumulated in the medium (Figure 6). It is clear from the results

presented that the use of the T
(
}EMC}vaccinia virus hybrid

expression system obviates the need for antibodies for the

detection of prosaposin.

In vitro mutagenesis

To investigate the importance of the extra three residues, encoded
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Figure 6 Immunoprecipitation analysis with anti-(saposin C) antibodies

Subconfluent monolayers of normal human fibroblasts were co-infected (MOI¯ 10 for each virus) with vTF7-3 and each of the different recombinant viruses. After 20 h, cells were metabolically

labelled for 1 h with [35S]methionine followed by 2, 3, 5, 7 or 24 h of chase. Cell lysates and medium were collected. Medium samples were immunoprecipitated with anti-(saposin C) antibodies.

Samples from cell lysates (A) and from immunoprecipitated medium (B) (only four chase points were tested) were subjected to SDS/PAGE [10% (w/v) gel] ; the gel was then fixed, dried and

exposed to an X-ray film, or a PhosphorImager analysis was performed. [Panels (C) and (D) represent quantification of results presented in (A) and (B) respectively]. The arrow shows the position

of prosaposin.

by exon 8, in prosaposin secretion, mutations were introduced

into this exon within the pHpsap9 vector and recombinant

viruses were produced. The mutations are depicted in Figure 7.

To follow the level of secretion of the mutated and the normal

prosaposins, FS11 cells were co-infected with vTF7-3 and each

of the mutated recombinant viruses as well as their normal

counterparts. After a 1 h pulse and a 3 or 6 h chase, cell lysates

and medium were collected, immunoprecipitated with anti-

(saposin C) antibodies and subjected to electrophoresis as

described in the Materials and methods section. As shown in

Figure 8(A), all prosaposin forms (Hpsap0, Hpsap9, HpsapM1-

M3) directed the synthesis of a 67–70 kDa protein, which

decreased in amount within the cells during the chase period.

There was a notable accumulation of one major lysosomal

intermediate approx. 15 kDa in size [43]. After 6 h of chase there

was already a visible accumulation of saposin C deriving from

Hpsap0. The immunoprecipitates of medium samples were

subjected to electrophoresis as mentioned above and the gels

were subjected to PhosphorImager analysis. The results obtained

for prosaposin secretion at 3 h of chase in three independent

experiments were analysed statistically by using a Kruskal–Wallis

one-way variance test. As shown in Figure 8(B), the level of

secretion of the mutated prosaposins differed significantly from

that of the normal prosaposin. However, none of the mutations

created in exon 8 of the prosaposin cDNA caused a decrease in

its secretion to the level observed for the prosaposin containing

no extra residues. There was 7.5–15-fold more secretion directed

by the different prosaposins containing the three extra residues

(normal or mutated) in comparison with the prosaposin without

the three extra residues. Replacement of the first glutamine

residue by glutamic acid (Hpsap9M1) resulted in a significant

decrease (P¯ 0.0139) in prosaposin secretion to the medium.

Replacement of the aspartic residue by alanine and the third

glutamine residue by glutamic acid resulted in a significant

elevation (P¯ 0.0193 for each of them) of the prosaposin levels

in the medium after 3 h of chase.

Biological activity

The results presented indicate that the prosaposin with the three

extra residues is preferentially secreted from the cells, whereas

the other form of prosaposin is mainly sorted to the lysosomes.

We wished to test whether both prosaposins, when reaching the

lysosomes, could be processed there to active saposins. To that

end, prosaposin-deficient cells [44,45] were loaded with either

fluorescent glucosylceramide or fluorescent sulphatide, and

glucocerebrosidase or arylsulphatase A activities were tested

after infection with the different recombinant viruses. As shown

in Figure 9(A), the infection of cells, loaded with LR12-GC, with

either one of the prosaposins resulted in a more than 2-fold

elevation in the amount of LR-ceramide in the cells. As shown in

Figure 9(B), infection of cells, preloaded with LR12-sulphatide,
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Figure 7 Mutations created in exon 8 of the prosaposin cDNA

Mutations created within the extra three residues are shown.

with the viruses containing the prosaposin cDNA species with an

extra 0 bp or 9 bp resulted in 2.9-fold and 1.7-fold elevations

respectively in the amount of LR-ceramide in the cells. Thus both

prosaposins, when reaching the lysosomes, were processed there

to active saposin B and saposin C, which enhanced the hydrolysis

of the fluorescent cerebroside sulphate or the glucosylceramide

respectively to fluorescent ceramide. Because we have shown that

most of the prosaposin containing the three extra residues is

secreted (Figures 5 and 6) and can be processed intracellularly to

saposins B and C (Figure 9), we assumed that extracellular

prosaposin can be endocytosed by cells, reach the lysosomes and

be processed there to saposins B and C. To demonstrate directly

that, when supplied to cells in the medium, prosaposin can reach

Figure 8 Secretion of normal and mutated recombinant prosaposins

(A) Subconfluent monolayers of normal human fibroblasts were co-infected (MOI¯ 10 for each virus) with vTF7-3 and each of the different recombinant viruses. After 20 h, cells were metabolically

labelled for 1 h with [35S]methionine followed by 3 or 6 h of chase. Cell lysates and medium were collected. Samples from cell lysates were immunoprecipitated and subjected to SDS/PAGE [15%

(w/v) gel] ; the gel was then fixed, dried and exposed to an X-ray film. Labels : I, prosaposin intermediate ; *, saposins ; Hpsap, human prosaposin. (B) Samples from medium collected after 3 h

of chase were immunoprecipitated and subjected to SDS/PAGE [10% (w/v) gel] ; the gel was then fixed, dried and a PhosphorImager analysis was performed. The results shown were obtained

for prosaposin secretion at 3 h of chase in three independent experiments after statistical analysis with the Kruskal–Wallis one-way variance test.

lysosomes and be processed there to active saposins, fluorescence

microscopy was performed. Prosaposin-deficient human cells

(5¬10&) were loaded with 10 nmol}ml LR12-GC for 24 h

together with 20 µM bromoconduritol-β-epoxide (Br-CBE).

Then 0.5 ml of medium containing prosaposin, collected as

explained in the Materials and methods section, was added to the

cells for 24 h. The cells were then fixed and visualized in a

fluorescence microscope. We have already shown that the fluor-

escent substrate is endocytosed by the cells and accumulates in

the lysosomes [32]. If active glucocerebrosidase and saposin C

are present there, the substrate is hydrolysed to fluorescent

ceramide, which leaves the lysosomes to a different cellular

compartment (most probably the Golgi apparatus), resulting in

a different staining pattern. Lysosomal compared with non-

lysosomal staining can be revealed by fluorescence microscopy.

As demonstrated in Figure 10, supplying either one of the

prosaposins resulted in the accumulation of the fluorescent

product in a non-lysosomal cellular compartment, in contrast

with the lysosomal localization in the non-treated prosaposin-

deficient cells. The numbers of cells exhibiting lysosomal and

non-lysosomal staining were counted and the percentage of cells

presenting non-lysosomal staining was calculated. Non-lyso-

somal fluorescence was observed in 38% and 33% of cells

supplemented with medium containing Hpsap9 and Hpsap0

respectively, compared with 8.7% of cells supplemented with

medium obtained from cells infected with vTF7-3 only. We

therefore conclude that both prosaposins reached the lysosomes

and were processed there to active saposin C, which enhanced

the hydrolysis of the fluorescent glucocerebroside to fluorescent

ceramide.
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Figure 9 Intracellular fate of the recombinant prosaposins

Human prosaposin-deficient cells (5¬105) were supplemented with 10 nmol/ml LR12-GC for

48 h together with 20 µM Br-CBE. Then cells were infected in the same medium with vTF7-

3 and each of the recombinant viruses. After 3 h, the medium was removed, the cells were

washed twice with PBS, then minimal essential medium without Phenol Red, supplemented with

20% (v/v) FCS, was added to the cells. A further 18 h later the medium was collected, then

the cells were washed with PBS and lysed in 0.5 ml of distilled water. After protein

determination, cell lysates and medium were extracted with chloroform/methanol (1 : 1, v/v) and

dried. chloroform/methanol (1 : 1, v/v) (50 µl) was added and the samples were separated by

TLC. The spots were scraped, extracted with chloroform/methanol and quantified in a

spectrofluorimeter. Data are presented as percentages (ceramide/glucosylceramide per µg of

protein) of normal [where normal, 100%, is the result obtained for 5¬105 FS11 cells loaded

with 10 nmol of LR12-GC or LR12-CS for 48 h]. The data are means³S.E.M. for three different

experiments, each performed in duplicate.

DISCUSSION

Because alternative splicing of a 9 bp exon was demonstrated for

the prosaposin gene, it was interesting to test whether this

alternative splicing is the mechanism participating in the

differential sorting of prosaposins. We decided to express two

prosaposin cDNA species, one containing the extra exon and the

other without it, in the T
(
}EMC}vaccinia virus-derived ex-

pression system. This system has several advantages : (1) a wide

range of hosts can be very efficiently infected with the chimaeric

viruses ; (2) it provides efficient transcription and translation of

the target gene; and (3) there is a shut-off of host protein

synthesis, obviating the need for antibodies to follow expression

of the target gene. Because transcription is initiated at the T
(

RNA polymerase promoter by the binding of the enzyme to its

recognition site, high RNA levels are obtained from any intro-

duced cDNA. It is therefore convenient to test the stability of

different RNA species by following their steady-state levels in

infected cells. In doing so, we were able to demonstrate that the

two recombinant viruses directed the synthesis of prosaposin

RNA with comparable stability (Figure 4). Translation in the

T
(
}EMC}vaccinia virus hybrid expression system is directed by

the internal ribosomal entry site conferred by the encephalo-

myocarditis virus 5«-untranslated region. Therefore the ATG

that is located at the 3«-most end of the encephalomyocarditis

virus segment and is part of the NcoI site (CCATGG) is employed

as the initiator ATG for translation. Because the same viral

signals and cellular machinery participate in translating both

prosaposins, any difference in their intracellular or extracellular

levels can be attributed to a difference in post-translational

processing. Both prosaposin DNA species directed the synthesis

of a 67–70 kDa prosaposin protein. The 9–12 kDa mature

saposins could be detected only by immunoprecipitation. This

was most probably because only a small portion of the expressed

recombinant protein reaches the lysosomes [32].

Pulse–chase experiments indicated that the prosaposin con-

taining the three extra residues accumulated to much higher

levels in the medium, in comparison with the prosaposin with no

extra residues (Figures 5, 6 and 8). Because there was no

concomitant increase in the intracellular amount of the

prosaposin containing the three extra residues, this reflects

preferential secretion of the prosaposin containing the three

extra residues to the medium. The intracellular amounts of

Hpsap0 and Hpsap9 were comparable. We cannot exclude the

possibility that a certain fraction of Hpsap9 within the cells

resulted from its endocytosis from the medium. The results

indicated (Figure 8A) that Hpsap0 directed a faster accumulation

of at least saposin C in the lysosomes, already visible at 6 h of

chase (denoted by an asterisk). This might indicate the more

efficient intralysosomal processing of Hpsap0 to saposins.

Both prosaposins directed the activities of saposin B and

saposin C (Figure 9). Because, as discussed, most of the

prosaposin containing the three extra residues was secreted, it

seems that this form of prosaposin was efficiently endocytosed by

cells, reached the lysosomes and was processed there to saposins

B and C. However, the prosaposin containing no extra residues

directed a higher saposin B activity than the prosaposin con-

taining the three extra residues. This might indicate that the

former is either more efficiently processed to saposin B or that

the saposin B form without the three extra residues is more active

than saposin B containing them.

Both prosaposins, when supplied to the cells in the medium,

reached the lysosomes and were processed there to at least

mature saposin C. The results indicated that the two prosaposins

directed comparable saposin C activities (Figure 10B). Taking

into consideration the fact that there was approx. 10-fold more

of the prosaposin containing the three extra residues in the

medium that was added to the cells than the form containing no

extra residues (Figure 8B), the latter directed at least 10-fold

more saposin C activity. Again, this high activity might reflect

the more efficient lysosomal processing of the prosaposin con-

taining no extra residues. It is evident from the results that there

was some activator non-dependent hydrolysis of the fluorescent

substrate within lysosomes [10–15% of the hydrolysis compared

with normal ; see Figures 9(A) and 10(B)]. It has recently been

shown [46] that when supplied to the medium of prosaposin-

deficient cells, both prosaposins could revert the mutant pheno-

type.

It has already been shown that alternative splicing, causing

polymorphism at the prosaposin protein level, might alter the
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Figure 10 Cellular localization of fluorescent substrate and product in prosaposin-deficient cells supplemented with recombinant prosaposins

(A) Human normal and prosaposin-deficient cells (5¬105) were grown on coverslips in the presence of 10 nmol of LR12-GC. After 48 h, prosaposin-deficient cells were supplemented with the

different recombinant prosaposins, as described in the Materials and methods section. A further 24 h later, the cells were fixed and revealed by fluorescence microscopy. (B) Cells (100) from

three different fields were counted and the number of cells presenting non-lysosomal staining was noted. Data are presented as the percentages of cells showing non-lysosomal staining. The data

are means³S.E.M.

binding specificity and}or function of the expressed proteins.

Lamontagne and Potier [14] have shown that synthetic peptides

derived from the saposin B domain of prosaposin (from Ser#%'

to Glu#''), with or without the three-residue insertion, had

different binding affinities for GM
"

ganglioside, sulphatide and

sphingomyelin. It has also been demonstrated that a five-residue

stretch, EGHRG, can serve as an endoplasmic reticulum re-

tention signal for the asialoglycoprotein receptor H2A [47]. The

fact that the addition of the prosaposin containing the three extra

residues, namely QDQ (Gln-Asp-Gln) within the saposin B

domain, leads to the secretion of prosaposin would indicate that

they can function either as a signal for active secretion or as an

inhibiting signal for lysosomal sorting. A mutation in the first

residue of the QDQ domain decreased the level of secretion,

whereas substitutions of the other two residues resulted in an

elevation of secretion. From these results we cannot conclude

which of the alternative mechanisms is responsible for prosaposin

secretion.

Henseler et al. [48] recently expressed the three alternative

forms of prosaposin in baby hamster kidney (BHK) cells. The

authors concluded that all three prosaposins encoded by the

different cDNA species were transported and processed in the

same manner. Their expression studies in BHK cells revealed

that most of the expressed prosaposins were secreted into the

culture medium, whereas a minor fraction was targeted to the

acidic organelles of the BHK cells, where proteolytic cleavage to

the mature saposins took place. The authors noted that owing to

the different expression efficiencies, the yield of purified proteins

varied between the different transfected BHK cells. The yields

were 15 and 150 mg}l of medium for the prosaposins containing

no and the three extra residues respectively. Because there were

no results (for example RNA quantification) to support this hy-

pothesis, we assume that these results indicate that the prosaposin

containing the three extra residues was preferentially secreted

from the cells. Moreover, because protein sequencing revealed

[49] that only one form of saposin B, without the three extra

residues, exists in cells, it is plausible that the prosaposin form

without the three residues is sorted to the lysosomes. Recently,

Igdoura et al. [17] have found two forms of sgp-1 (prosaposin) in

rat Sertoli cells : a 65 kDa form that was shown to be targeted to

lysosomes, and a 70 kDa form that was secreted extracellularly.

It is plausible that the secreted form contains the three extra

residues, whereas the form targeted to the lysosomes contains no

extra residues.

The function of the secreted form of prosaposin is still unclear.

One can envisage that this prosaposin form might serve as a

ligand or a neurotrophic factor, as speculated [23,26], in several

neuronal cells or it might be secreted by cells that serve as the

reservoir of prosaposin for the benefit of cells that need functional

saposins but are unable to produce them in the desired quantities.

Immunohistochemical analysis of mouse tissues and embryos

with anti-(mouse prosaposin) antibodies revealed a high ex-

pression of prosaposin in secreting cells such as the endometrial

and tubular epithelium of the uterus, in Sertoli cells of the

seminiferous epithelium, in Leydig cells in the testes and in the

proximal convoluted tubules of the kidney. High expression was
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also observed in the cerebellum Purkinje cells, in several types of

neuron of the cerebrum, in neurons of dorsal ganglia and in

neuroepithelial cells of the eye and the nose [12] (N. Altman and

M. Horowitz, unpublished work). It is possible to envisage that

Sertoli cells secrete prosaposin [16] that might be taken up by

sperm cells, targeted to their lysosomes and there be used as a

precursor for active saposins.

In summary, by using the T
(
}EMC}vaccinia-derived hybrid

system to express two human prosaposin cDNA species, we were

able to show that alternative splicing is most probably the

mechanism responsible for differential sorting of the two forms

of prosaposin. The secreted form can be endocytosed by cells and

can be processed in their lysosomes to active saposins B and C.
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