
Biochem. J. (2000) 352, 549–556 (Printed in Great Britain) 549

Prosaposin : promoter analysis and central-nervous-system-preferential
elements for expression in vivo
Ying SUN*, Peng JIN*, David P. WITTE† and Gregory A. GRABOWSKI*1

*Division and Program in Human Genetics, Children’s Hospital Medical Center, 3333 Burnet Avenue, TCHRF 1042, Cincinnati, OH 45229-3039, U.S.A., and †Division of
Pediatric Pathology, Children’s Hospital Medical Center, 3333 Burnet Avenue, PAV 3-52, Cincinnati, OH 45229-3039, U.S.A.

The expression of prosaposin is temporally and spatially

regulated at the transcriptional and post-translational levels. In

�itro, the mouse prosaposin promoter contains functional RORE

[retinoic acid-receptor-related orphan receptor α subunit

(RORα)-binding element], Sp1 and U (unknown) sites within

310 bp directly 5« to the transcription start site and additional

elements within 2400 bp 5« to the transcription start site. To

elucidate promoter regions important to tissue-preferential ex-

pression in �i�o, transgenic mice were created with 5«-flanking

deletions of the prosaposin gene fused to a luciferase reporter.

Nearly exclusive expression was observed in cerebrum, cer-

ebellum and eyes of adult transgenic mice containing constructs

with 234–310 bp of 5«-flanking DNA. This central nervous system

(CNS) expression was due to the presence of RORE and

overlapping Sp1 sites in this region. Internal deletion of RORE

INTRODUCTION

Prosaposin is a multifunctional protein with essential intra- and

extra-cellular functions. Intracellularly, prosaposin (522 amino

acids), the precursor, is targeted to lysosomes via the mannose-

6-phosphate-receptor-dependent and}or -independent systems

where it is proteolytically processed to smaller polypeptides (80

amino acids), termed saposins [1–4]. These four tandemly en-

coded saposins A, B, C and D interact with glycosphingolipid

hydrolases and}or their substrates to enhance lysosomal hy-

drolytic activities. Their physiological importance is shown by

severe phenotypes resulting from inherited mutations at the

prosaposin locus that lead to deficiencies of prosaposin or

individual saposins, and glycosphingolipid storage [5–10]. Extra-

cellularly, the intact prosaposin precursor functions ex �i�o or in

�i�o as a neurite-outgrowth factor or nerve-regeneration factor

respectively [11–14]. The neurite-outgrowth property has been

localized to the saposin C region of prosaposin, particularly to a

21-amino acid linear sequence in the N-terminal half of saposin

C [11,13,15].

In addition to these multifunctional properties, prosaposin is

temporally and spatially regulated at the transcriptional and

post-translational levels [3,16]. Concordant high-level expression

of its mRNA and protein has been shown in neurons of the

central nervous system (CNS), particularly in Purkinje cells of

the cerebellum in adult mice, and in various epithelioid and

reproductive cell types in adult mice and rats [16–18].

The expression of prosaposin also was induced by p21, a

cyclin-dependent kinase inhibitor, and serum starvation during

cell-growth arrest [19]. Prosaposin is a major protein produced by

Sertoli cells and has been termed sulphated glycoprotein 1 [18].

Post-translationally, the proteolytic processing of prosaposin

Abbreviations used: CNS, central nervous system; RORE, retinoic acid-receptor-related orphan receptor α subunit-binding element.
1 To whom correspondence should be addressed (e-mail grabg0!chmcc.org).

and the Sp1 cluster from the longer constructs with 2400 bp of

5«-flanking DNA significantly diminished expression in the CNS.

The appearance of substantial visceral tissue (e.g. liver, spleen,

lung, kidney, thymus and heart) expression was obtained

with transgenic mice bearing constructs with 742–2400 bp of

5«-flanking DNA. The cellular localization of luciferase reporter-

gene expression from these constructs corresponded closely with

that for prosaposin. These results define important CNS and

visceral regulatory regions in the promoter in �i�o and may be

sufficient to account for the majority of prosaposin’s tissue-

preferential expression.

Key words: luciferase, RORE, Sp1, transcription, transgenic

mice.

also has cell-type specificity, particularly in the CNS [3,16]. This

variation in the proteolytic processing to mature saposins is cell-

differentiation-specific for human and mouse neuronal-like cell

lines in culture [3].

To initiate evaluation of the transcriptional control of the

prosaposin locus, the genomic structure, particularly of the 5«
end of the gene, was defined [20]. The human and murine genes

contain 14 exons and 13 introns [21–23]. An alternatively spliced

9 bp ‘exon’ is present in the saposin B region that appears to

have tissue selectivity for splicing [21,24]. Studies in �itro indicate

that the mouse prosaposin promoter is TATA-less, with positive

and negative regulatory elements in the first 2400 bp 5« to the

transcription start site [20]. An important region within the first

310 bp 5« to the transcription-initiation site contains functional

binding elements for RORE [retinoic acid-receptor-related or-

phan receptor α subunit (RORα)-binding element], Sp1 and at

least one additional unidentified region. These three regions

modulate the expression of prosaposin in �itro [25].

To elucidate the in �i�o elements responsible for the tissue-

specific expression of prosaposin, transgenic animals bearing

fragments 5« to the prosaposin coding sequence were coupled to

the luciferase reporter gene. Here, the results of analyses in

transgenic mice delineate important prosaposin promoter regions

for CNS and}or visceral expression.

MATERIALS AND METHODS

Materials

The following were from commercial sources : Geneclean DNA

purification kit (Midwest Scientific Laboratory, Valley Park,

MO, U.S.A.) ; Magna Charge Nylon transfer membrane (Micron

Separation, Westbond, MA, U.S.A.) ; random-primer labelling
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Figure 1 Schematic representation of the mouse prosaposin promoter
region, transgenic constructs and segregation of promoter function

Various deletion fragments of prosaposin promoter 5«-flanking DNA were fused with the

luciferase reporter gene. The sizes of deletion fragments are indicated by the transgenic

construct name on the right. The binding sites for transcription factors (open symbols) were

identified by in vitro analyses [25]. Putative transcription-factor-binding sites (closed symbols)

were found by computer searches. The preferential visceral and CNS components of the

promoter are indicated by the data in Table 1 and Figure 4. The dashed line at the top indicates

the indeterminate boundary for the initiation of visceral promoter activity and CNS modulatory

activity. U, unknown transcription-factor-binding site ; AP-1, activator protein 1 ; RORα, retinoic

acid-receptor-related orphan receptor α subunit ; SRY, sex-determining region Y.

kit and [$&S]UTP (Amersham Life Science, Arlington Heights,

IL, U.S.A.) ; Bradford reagent system (Bio-Rad, Hercules, CA,

U.S.A.) ; isotope [α-$#P]dCTP (DuPont NEN Research Products,

Boston, MA, U.S.A.) ; restriction enzymes (New England

Biolabs, Beverly, MA, U.S.A.) ; luciferase assay system and

pGL2B luciferase reporter vectors (Promega, Madison, WI,

U.S.A.) ; Molecular Dynamics ImageQuant software (Molecular

Dynamics, Sunnyvale, CA, U.S.A.) ; Antifade}propidium iodide

(Oncor, Gaithersburg, MD, U.S.A.) ; FITC-conjugated

anti-rabbit IgG F(ab«)
#

goat antibody (Organon Teknika

Corporation, Durham, NC, U.S.A.) and anti-luciferase anti-

body (Biogenesis, Sandown, NH, U.S.A.). Rabbit anti-mouse

prosaposin antiserum was described previously [3].

Transgene constructs

The firefly luciferase reporter-gene vector pGL2B was used for

transgenic constructs. Based on the 5«-flanking sequence of the

mouse prosaposin gene, a series of PCR primers containing

restriction-enzyme sites on the 5« ends were designed for making

deletion constructs [20]. Following restriction digestion, the PCR

products were cloned into the HindIII and XhoI sites of pGL2B

upstream of the luciferase gene. Six deletion fragments of the

proximal promoter of the prosaposin gene were used and termed

®43 LUC, ®234 LUC, ®305 LUC, ®310 LUC, ®741 LUC

and ®2400 LUC (Figure 1). An internal deletion construct was

generated by cloning the PCR fragment containing nucleotides

from ®2400 to ®311 into the 5« upstream region of ®43 LUC.

This construct was termed 2400∆LUC and did not contain

RORE and the Sp1-cluster regions (Figure 1).

Generation of transgenic mouse lines

Each transgene construct was digested with BamHI and SmaI to

include the downstream luciferase polyadenylation signal and

the upstream prosaposin promoter sequences. The linearized

insert was isolated by agarose gel electrophoresis, eluted and

further purified twice with the Geneclean DNA purification kit.

Following dialysis overnight at 4 °C in 10 mM Tris}HCl (pH 7.4)

containing 0.1 mM EDTA, the DNA (1–5 ng}µl) was injected

into the pronuclei of fertilized eggs of B6C3 F
"

mice using

standard procedures [26]. Transgenic pups (21 days) were identi-

fied by Southern blotting from tail clips and bred with wild-type

B6C3 mice to obtain hemizygotes.

Southern-blot analysis

Genomic DNA was isolated [27] and digested overnight with

HindIII and P�uII. The fragments were resolved on 0.8% (w}v)

agarose gels and transferred to Nylon membranes (Magna

Charge Nylon transfer membrane). The [α-$#P]dCTP randomly

labelled 310 bp fragment immediately 5« to the transcription-

initiation site was used as the probe. Hybridizations were

overnight in 50% (v}v) formamide, 6¬SSC (where 1¬SSC is

0.15 M NaCl}0.015 M sodium citrate), 5¬Denhardt’s (0.02%

Ficoll 400}0.02% polyvinylpyrrolidone}0.002% BSA) and

0.3 mg}ml herring sperm DNA. The filters were washed in

0.2¬SSC}0.1% (w}v) SDS, and exposed to X-ray film. The

copy number of each transgenic line was determined by com-

parison of blot hybridization intensities of the digested transgene

fragment with those obtained with the endogenous prosaposin

genomic fragment. The autoradiograms were quantified by

densitometric scanning using Molecular Dynamics ImageQuant

software.

Luciferase activity and protein concentration

Tissues were harvested from non-transgenic and transgenic mice

between 6 and 10 weeks of post-natal age and included cerebrum,

cerebellum, kidney, liver, lung, spleen, eye, heart, thymus, testes

and uterus}ovary. Organs were pulverized under liquid N
#

and

homogenized in reporter lysis buffer (Promega). The supernatants

from tissue homogenates were assayed for luciferase activity

using the Promega assay system and a Monolight 2010 lumino-

meter (Analytical Luminometer Laboratory, San Diego, CA,

U.S.A.). The linearity of the luciferase assay was verified for all

samples assayed under the conditions used in these experiments.

The protein concentration of each supernatant was determined

using the Bradford reagent system.

In situ hybridization

A 0.75 kb luciferase cDNA fragment, released by EcoRI and

EcoRV from pGL2B, was cloned into pBluescript vector

and used to generate luciferase riboprobes. Radiolabelling of

luciferase and prosaposin riboprobes was as described in [16]. The

frozen sections (7 µm) of transgenic mice with the ®310 LUC or

®2400 LUC constructs were postfixed in 4% (w}v) paraformal-

dehyde, treated with proteinase K, and then incubated in

Tris}glycine and acetylated. Prehybridizations were at 42 °C for

15 min. The sections were hybridized (42 °C overnight) with

4¬10( c.p.m.}ml of the complementary antisense or sense probes.

After hybridization, the slides were washed with SSC}
dithiothreitol and then incubated in RNase A and RNase T1. A

series of high-stringency washes was employed as described in

[16]. After dehydration with graded ethanol washes, the slides

were dipped in Kodak D19 developer and fixer. All slides were

counterstained with haemotoxylin and eosin. The sections with

sense probes were the negative controls.

Immunofluorescence

The embedded tissue sections were incubated in 0.2% (v}v)

Tween 20 in PBS at room temperature (10 min) and then covered

(30 min) with blocking buffer [3% (w}v) gelatin in PBS for anti-

prosaposin antibody or 10% (v}v) goat serum for anti-luciferase
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antibody]. This was followed by incubation (1 h, 37 °C) with

1}100 diluted primary antiserum in 0.05% (v}v) Tween 20 in

PBS (TPBS) for anti-mouse prosaposin or 3% (w}v) BSA}3%

(v}v) goat serum for anti-luciferase. The tissue sections were

washed three times (15 min) in TPBS at room temperature.

Secondary FITC antibody, diluted 1}20 in TPBS, was applied

and incubated (1 h, 37 °C). The sections were washed as above.

Antifade}propidium iodide was added and the signals detected

by fluorescence microscopy.

RESULTS

Establishment of transgenic mouse lines and analysis of
transgene expression

The role of tissue-preferential regulatory elements within 2400 bp

of the 5«-flanking region of the mouse prosaposin promoter was

investigated in �i�o using seven deletion constructs fused to the

luciferase reporter gene. Each transgene construct contained

5«-flanking sequence with ®43 to ®2400 bp 5« to the tran-

scription-initiation site and 98 bp of the 5« untranslated region

within the first exon (Figure 1). The ®43 LUC construct

contained the first 3« Sp1-binding site whereas the ®234 LUC

construct also had a RORE site. The ®310 LUC construct

included a Sp1 cluster of three overlapping Sp1 half sites and an

unknown (U) transcription-factor-binding site. The ®310 LUC

and ®305 LUC were identical except that ®305 LUC had a 5 bp

deletion within the Sp1 cluster that eliminated the most 5«
Sp1 half site. The ®742 LUC and ®2400 LUC constructs had

increasing 5« lengths of promoter region up to 2400 bp from the

transcription start site. To evaluate the function of RORE and

the Sp1 cluster in �i�o, the internal deletion construct

®2400∆LUC was designed to eliminate RORE and the Sp1-

cluster regions. Transgenic founders were made from each of

the seven constructs (Figure 1). From each founder, the yield

of mouse genotypes conformed to Mendelian expectations, indi-

Table 1 Luciferase activity in transgenic mice with deletions in the prosaposin promoter region

The tissue extracts were taken from F1 or F2 offspring at ages of 6–10 weeks. Results of multiple independent transgenic lines are shown. The transgenic lines with no luciferase expression were

excluded from the data. The copy number is the number of transgenes per mouse genome. Activity levels that were less than the detectable limit are marked as 0. ND, not determined.

Luciferase activity (relative light units/10 µg of protein per copy number)

Construct Line Copy no. Heart Spleen Thymus Lung Liver Kidney Cerebrum Cerebellum Eye Testes Ovary/uterus

®43 LUC 1.2 7 0 0 0 0 0 0 0 0 0 1 0

2.4 10 0 0 0 0 0 0 0 0 0 1 0

®234 LUC 1.3 12 0 0 0 0 0 0 22 12 2 1 0

1.6 12 0 0 0 0 0 0 2 9 2 19 41

2.1 5 8 2 5 7 1 2 255 53 21 ND 19

®305 LUC 5.1 2 0 0 0 0 0 0 133 98 4 26 14

2.1 4 133 5 3 10 0 1 372 449 33 13 12

4.2 6 0 0 0 0 0 0 1784 956 44 2 19

9.4 10 0 0 0 0 1 1 867 104 2 10 1

®310 LUC 1.1 3 314 0 31 8 0 4 7762 5751 161 9 11

®742 LUC 2.2 7 70 0 88 15 1 0 1030 1158 95 9 0

3.8 5 1028 104 156 133 61 77 4915 1024 269 100 ND

1.2 2 1775 120 169 303 50 403 7449 7719 1085 248 1823

®2400 LUC 4.2-1 4 3355 267 191 192 13 127 18053 16831 2212 281 773

4.2-2 4 406 142 162 99 7 44 8259 9279 487 268 174

6.8 2 49 0 14 7 0 3 8062 3468 146 23 11

16.7 2 2434 184 90 65 47 67 8015 3402 474 184 163

16.11 2 1417 316 205 689 56 332 7732 9330 1742 491 ND

®2400∆LUC 19.4 3 437 73 115 8 48 4 829 413 20 534 25

14.2 2 526 2 31 19 0 9 4598 1636 117 11 29

14.11 3 244 0 5 3 0 14 425 405 172 74 4

15.5 2 156 20 28 263 4 74 2168 1886 192 100 ND

cating no significant embryonic lethality. The transmission of

transgene to germ line occurred in 68% of founders. For all

the constructs, excluding ®43 LUC, luciferase expression was

detected in about 45% of the lines containing transgenes. The

absence of transgene expression in other lines could have been

due to positional effect [28].

The transgene copy numbers for each construct are listed in

Table 1. HindIII}P�uII digests of tail DNA were used to quantify

the copy number of integrated constructs. From the endogenous

promoter, a 1.1 kb fragment was obtained and variously sized

fragments are obtained from the different transgenes (Figure 2).

On the Southern blot the 310 bp probe immediately 5« to the

prosaposin transcription-initiation site was used to standardize

integrands since this fragment hybridizes to all constructs and

the endogenous promoter fragment. The densitometric scans

from two or three mice were averaged for each transgenic line.

The intensities of equal molar amounts of each transgene and the

endogenous promoter would be the same since the probes and

recognition sequences are identical for all. The copy numbers

were calculated as the ratio of the intensity of the transgene

relative to that of the endogenous 1.1 kb fragment and presented

as the number of transgenes per mouse genome.

To determine the effect on the tissue expression patterns of

various 5« regions of the prosaposin gene, the luciferase activities

in variety tissues from transgenic mice were evaluated (Table 1).

The tissue-selective expression patterns for each construct were

consistent, but the expression level varied widely between founder

lines. In comparison for each transgenic founder line, the level of

expression in and among various tissues was consistent, i.e.

either low, intermediate or high levels of luciferase activity

expression were maintained proportionately in the various

tissues. The results are the means from several animals in each

line and for each tissue, and are normalized for gene copy

number. The non-transgenic mouse controls had no luciferase

activity.
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Figure 2 Southern-blot analysis of F1 transgenic offspring

Genomic DNA was subjected to digestion with HindIII and Pvu II and Southern-blot analysis

using the 310 bp fragment immediately 5« to the prosaposin transcription-initiation site. One

representative transgenic F1 mouse from each construct is shown. The transgenic inserts (upper

bands, & 3 kb) are from the F1 mice containing the transgenic construct and are indicated at

the bottom. Lane NT, DNA from a non-transgenic mouse. The sizes of the transgenes and

endogenous prosaposin gene fragments (1.1 kb) are indicated on the right. The transgene copy

number was quantified by densitometric comparisons of the transgene to the endogenous

prosaposin fragment.

CNS-preferential expression directed by the ®43 to ®310 bp
region

From the results in Table 1, the CNS-preferential expression for

the constructs ®234, ®305}®310, ®742 and ®2400 LUC was

evident, even with the substantial variation in the levels of

promoter activity that were observed between the different

transgenic founder lines for each construct. The 234 bp

5«-flanking sequence is sufficient to direct CNS (cerebrum,

cerebellum and eye)-preferential expression. With progressive

sequence extension to 2400 bp 5« of prosaposin promoter, the

luciferase activities were greatly increased. Figure 3 shows

the comparison of luciferase expression in cerebrum and cer-

ebellum in one of the transgenic lines from each construct. With

the ®305 LUC construct, the luciferase level was increased over

8-fold by inclusion of the Sp1 sites 5« of RORE. The substantially

enhanced activities also were seen in the constructs ®310 LUC,

®742 LUC and ®2400 LUC; the expression levels in cerebrum

or cerebellum were increased by over 35- to 100-fold relative to

those for the ®234 LUC construct. The results suggested that

the region from ®234 to ®2400 bp appears to contain enhancer

activities that augment the level of expression in cerebrum and

cerebellum. Expression levels for ®310 LUC were about 4-fold

higher in cerebrum and 6-fold higher in cerebellum than those

for ®305 LUC (Table 1 and Figure 3). This may indicate that

the enhancer activity in CNS requires all three of the Sp1 half

sites in the cluster. However, this could not be proved due to only

a single transgenic line with the ®310 LUC construct being

obtained.

RORE and the Sp1 cluster are located within the region ®43

to ®310 bp of the promoter and their roles were defined ex �i�o

by site-directed mutagenesis [25]. The function of this region was

analysed in �i�o by comparing the results with the ®2400 LUC

and ®2400∆LUC constructs. As shown in Figures 3 and 4, the

expression levels in CNS tissues, including cerebrum, cerebellum

and eye, were lower by 67–83% with the deletion construct

Figure 3 Luciferase expression in cerebrum and cerebellum from trans-
genic mice containing various deletion constructs

The luciferase activities were assayed in cerebrum (A) or cerebellum (B) tissue extracts from

transgenic mice containing ®234 LUC (line 2.1), ®305 LUC (line 4.2), ®310 LUC (line 1.1),

®742 LUC (line 1.2), ®2400 LUC (line 4.2-2) or ®2400∆LUC (line 19.4) constructs. The

data are presented as means³S.E.M. from multiple animals in one representative transgenic

line of each deletion construct. RLU, relative light units.

®2400∆LUC than with ®2400 LUC. The luciferase expression

in spinal cord was also analysed from most transgenic lines for

these two constructs. Unpaired Student’s t tests of five or four

transgenic lines, respectively, for constructs ®2400 LUC or

®2400∆LUC (P! 0.05) indicated significantly reduced ex-

pression levels due to the deletion of the ®43 to ®310 bp region

(Table 2). This result indicates that RORE and the Sp1 cluster

are necessary for maximal prosaposin expression in CNS. This

deletion did not abolish the expression in CNS tissues, suggesting

that other elements in the ®310 to ®2400 bp region are involved

in modulating the basal prosaposin gene expression in the CNS.

Taken together, these results demonstrate the importance of

the ®43 to ®310 bp region for preferential CNS expression.

Both RORE and the Sp1 cluster affect prosaposin expression in

the cerebrum, cerebellum, eye and spinal cord. RORE is involved

in directing CNS-preferential expression and the Sp1 cluster

possibly plays a role in enhancing the expression level. Additional

CNS modulator activities reside in the sequences from ®310 to

®2400 bp of the 5« region.

Visceral tissue-selective expression on promoter construct

To define prosaposin promoter activity in visceral tissues, lu-

ciferase levels were analysed in the transgenic mice. The ®43

LUC transgenic animals had extremely low to no expression of

luciferase in any tissue of anyof the transgene founders, indicating
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Figure 4 Deletion of RORE and the Sp1 cluster region reduced the luciferase expression in CNS tissues

Five or four transgenic lines for constructs ®2400 LUC (black bars) or ®2400∆LUC (hatched bars) were analysed for luciferase activities in cerebrum (A), cerebellum (B), spinal cord (C) and

eye (D). Results are means³S.E.M. from three to seven mice in each transgenic line. The unpaired Student’s t test was used to analyse the significance of luciferase-level differences between

constructs ®2400 LUC and ®2400∆LUC, each with multiple transgenic lines. P values for t test analysis in each tissue are shown in Table 2. RLU, relative light units.

Table 2 Analysis of luciferase levels in multiple transgenic lines with constructs ®2400 LUC and ®2400∆LUC by unpaired Student’s t test

Five transgenic lines of ®2400 LUC and four lines of ®2400∆LUC were used in the unpaired Student’s t test. *Significant difference in luciferase levels in the tissue between the two constructs.

Cerebrum Cerebellum Eye Spinal cord Heart Lung Thymus Kidney Liver Spleen

P value 0.0065* 0.017* 0.048* 0.045* 0.067 0.393 0.096 0.226 0.502 0.043*

that the first Sp1-binding site alone is not sufficient to drive

prosaposin expression in �i�o. Beginning with ®234 LUC and

increasing the length of the 5«-flanking region up to 2400 bp,

an increasing gradient of expression was observed, first in the

CNS regions and then, with increasing promoter length, in

visceral tissues (Table 1). The visceral organs from the mice with

the ®234 LUC construct had no or negligible luciferase activity,

except for a low level of expression in ovaries and uteri. The

®310 LUC}®305 LUC constructs gave minimal expression in

visceral organs in two out of five lines, except for in the heart (i.e.

lines 1.1 and 2.1). With the ®742 LUC and ®2400 LUC

constructs, consistent levels of expression were noted in visceral

organs in all founder lines. In these visceral organs, the largest

effects of the 742 and 2400 bp fragments were also in the heart.

Substantially lower activities were found consistently in thymus,

lung, kidney, liver and spleen. In particular, the liver had the

lowest levels of expression of visceral organs on a consistent

basis. The deletion construct ®2400∆LUC gave substantially

lower expression levels in the CNS, including the cerebellum,

cerebrum, eye and spinal cord (Figure 4). Compared with

construct ®2400 LUC, this internal deletion had no significant

effect (P" 0.05) on luciferase expression in visceral tissues or

reproductive organs (results not shown), except in spleen (Table

2). These findings suggest that the 5«-flanking sequence between

®310 to ®2400 bp may have modulators or the control of

visceral tissue expression.

Tissue-specific localization of luciferase and prosaposin
expression

Since the transgene ®310 LUC (line 1.1) showed essentially only

CNS expression and ®2400 LUC (line 4.2-1) had CNS and

visceral expression, the tissues from mice containing these

transgenes were used to localize luciferase RNA or protein

expression. In similar sections from the same mice, the antisense

mouse prosaposin RNA was used for co-localization. In the

®310 LUC mice, neurons of the cerebral cortex and spinal cord

showed concordant luciferase (Figures 5A and 5B) and pro-

saposin RNA (results not shown) expression. The latter corre-

sponded to the patterns reported for prosaposin [16]. In the eye
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Figure 5 Cellular localization of luciferase expression in transgenic mice

Tissue sections from ®310 LUC (line 1.1) transgenic mice were used in (A–D), (G) and (H). The heart sections (E and F) were from ®2400 LUC (line 4.2-1) transgenic mice. The tissues in

(A–F) were probed with 35S-labelled luciferase or prosaposin RNA by in situ hybridization. Luciferase expression in (A) cerebrum and (B) spinal cord : the larger white condensed grains correspond

to neurons in the cerebral hemisphere and anterior horns of the spinal cord. The general ‘white ’ blush in the outer regions of the spinal cord (B) correspond to non-specific granular probe deposits

that are not associated with cell bodies. (C) Differential prosaposin RNA expression in the ganglion cell layer (g) and inner nuclear layer (i) of the eye. (D) Retina of the eye probed with antisense

luciferase RNA. The labels are as in (C) and the distribution of prosaposin (C) and luciferase (D) RNA is similar within the same cell types. In (E) and (F) heart sections from ®2400 LUC transgenic

mouse were probed with antisense (E) or sense (F) luciferase RNA. A general pattern of luciferase RNA expression (E) above background (F) was detected. In (G) and (H), immunofluorescence

was detected in Purkinje cells (p) of cerebellum from ®310 LUC transgenic mice using anti-luciferase (H) or anti-mouse prosaposin (G) antibodies.

(Figure 5D), the luciferase mRNA expression was detected in the

cells of the ganglion layer (g) and was nearly absent in the inner

nuclear layer (i) of retina. These patterns were comparable in

distribution with those for prosaposin (Figure 5C). Using anti-

luciferase antibody, positive immunofluorescence was detected in

the Purkinje cell layer of the cerebellum (Figure 5H). This co-

localized to the signal obtained with anti-mouse prosaposin

antibody (Figure 5G). An essentially identical pattern of lu-

ciferase expression was observed in CNS tissues from mice

bearing the ®2400 LUC transgene.
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The visceral tissues from mice carrying the ®2400 LUC

construct (line 4.2) were examined for luciferase expression

patterns. The cardiac myocytes showed low-level, diffuse lu-

ciferase RNA signals (Figure 5E) compared with the sense

control (Figure 5F). This was not observed for prosaposin [16].

Using anti-luciferase antibody, low-level immunofluorescence

signals were detectable in macrophages of thymus, spleen and

lung (results not shown). Cell-specific luciferase expression in

other tissues could not be evaluated since signals were not

detected with antisense RNA or antibody to luciferase even

though substantial luciferase activity was present consistently.

DISCUSSION

As with many lysosomal proteins, prosaposin has been thought

to be a housekeeping gene with generalized expression. Pre-

viously, we showed great variation in prosaposin mRNA levels

among various mouse tissues during development and in adult-

hood [16]. In particular, expression was high in CNS neurons

[16,29], where the greatest levels of expression were found in

cerebral neurons and cerebellar Purkinje cells. Sertoli cells of the

testes also showed high-level expression. Transfection of

deletion}reporter-gene constructs into NS20Y, NIH 3T3 and

SF-7 cell cultures showed positive regulation, but with co-

operative interacting elements within the first 310 bp 5« to the

transcription-initiation site [20]. In addition, DNase I foot-

printing and site-directed mutagenesis analyses revealed several

functional transcription-factor-binding elements within this

310 bp fragment, including Sp1, a Sp1 cluster, RORE and an

unknown (U) site [25]. The repertoire of these transcription-

factor-interactions was postulated to modulate gene expression

[25]. However, the ex �i�o data did not account for the tissue-

preferential expression, since similar patterns of reporter gene

expression were seen in a variety of cell cultures for many

elements contained in the 2400 bp 5« to the major transcription

start site [20]. The present transgenic mouse analyses show that

the preferential CNS or visceral tissue promoter elements were

localized to the proximal 310 bp and more distal 5«-flanking

regions respectively. Cellular localization of the transgenes with

the luciferase mRNA also provides strong evidence for the

presence of selective CNS promoter regions within the 310 bp

region immediately 5« to the major transcription start site.

Increasing the length of the promoter region from ®310 to

®2400 bp was accompanied by the appearance of broad-based

expression throughout the viscera. There was substantial vari-

ation in the levels of luciferase activity and RNA detected across

different transgenic mouse lines. The positional effects of trans-

genes randomly integrated into the genome might account for

such variation [28]. However, the patterns of activity expression

within the various tissues were consistent. Computer searches

across this region did not identify any major transcription-

factor-binding sites that are known to be tissue-specific or to

promote particular patterns of expression. The majority of

predicted sites have activator protein 1 (AP-1), chicken homeo-

box gene of the caudal type (CdxA) and Oct -1 consensus

sequences. These are general transcription factors that are not

specific to the CNS or viscera. DNA footprinting in �itro did not

reveal DNase I protection of these sites within the 310 bp

segment with several mouse cell types from visceral sources, nor

with NS20Y neuroblastoma cells [25]. The corresponding region

from the human promoter contained AP-1 and Oct-1 sites that

were protected by nuclear extracts from H441 cells, a human

lung papillary adenocarcinoma cell line [30].

The deletion of RORE and the Sp1 cluster decreased the

expression level of luciferase activity in CNS tissues. However,

there remained a general lower level of expression that supports

the existence of additional modulator sequences for CNS ex-

pression in this extended region (®310 to ®2400 bp). Computer

searches across the region from ®742 to ®2400 bp revealed the

presence of several transcription-factor-binding sites, including

Brn-2 and Oct-6 (Tst-10), which function as facilitators in the

CNS (Figure 1). Oct-6 is involved in peripheral nervous sytem

and CNS myelination [31]. Brn-2 is important to the development

of the hypothalamus}posterior pituitary axis [32]. Another

explanation for the remaining luciferase activity in CNS with the

deletion construct ®2400∆LUC is the possibility of RORE

and}or the Sp1 cluster controlling expression in specific cell types

in the CNS that would not be obvious from tissue homogenates.

These results implicate the presence of a tissue-preferential

modulator(s) sequence in the region from ®43 to ®2400 bp. A

schematic representation (Figure 1) is provided for the promoter

of the mouse prosaposin gene. The data from transgenic mice are

consistent with a necessary region of E 310 bp of the immediate

5«-flanking sequence for preferential expression within the CNS.

Extending more 5« to this CNS region, additional CNS regulatory

elements are present and visceral activity is promoted. Finally, a

general facilitator element is present within the 1700 bp 5« to the

®742 LUC construct. This region is populated with a variety of

sequences, none of which are known to have specific regulatory

effects on lysosomal enzymes or prosaposin. Continuing studies

of this promoter region should facilitate the delineation of

prosaposin expression and function by preferential rescue

approaches.

We thank Ms Maryann Koenig for her expert clerical assistance. This work was
supported by grants to G. A. G. (NS 34071 and NS 36681).

REFERENCES

1 Sandhoff, K., Harzer, K. and Furst, W. (1995) The Metabolic and Molecular Bases of

Inherited Disease, McGraw-Hill, New York

2 Kishimoto, Y., Hiraiwa, M. and O’Brien, J. S. (1992) Saposins : structure, function,

distribution, and molecular genetics. J. Lipid Res. 33, 1255–1267

3 Leonova, T., Qi, X., Bencosme, A., Ponce, E., Sun, Y. and Grabowski, G. A. (1996)

Proteolytic processing patterns of prosaposin in insect and mammalian cells. J. Biol.

Chem. 271, 17312–17320

4 Zhao, Q. and Morales, C. R. (2000) Identification of a novel sequence involved in

lysosomal sorting of the sphingolipid activator protein prosaposin. J. Biol. Chem.

275, 24829–24839

5 Holtschmidt, H., Sandhoff, K., Kwon, H. Y., Harzer, K., Nakano, T. and Suzuki, K.

(1991) Sulfatide activator protein. Alternative splicing that generates three mRNAs

and a newly found mutation responsible for a clinical disease. J. Biol. Chem. 266,
7556–7560

6 Zhang, X. L., Rafi, M. A., DeGala, G. and Wenger, D. A. (1990) Insertion in the

mRNA of a metachromatic leukodystrophy patient with sphingolipid activator-1

deficiency. Proc. Natl. Acad. Sci. U.S.A. 87, 1426–1430

7 Schnabel, D., Schro$ der, M. and Sandhoff, K. (1991) Mutation in the sphingolipid

activator protein 2 in a patient with a variant of Gaucher disease. FEBS Lett. 284,
57–59

8 Rafi, M. A., DeGala, G., Zhang, X. L. and Wenger, D. A. (1993) Mutational analysis in

a patient with a variant form of Gaucher disease caused by SAP-2 deficiency. Somat.

Cell Mol. Genet. 19, 1–7

9 Harzer, K., Paton, B. C., Poulos, A., Kustermann-Kuhn, B., Roggendorf, W., Grisar, T.

and Popp, M. (1989) Sphingolipid activator protein deficiency in a 16-week-old

atypical Gaucher disease patient and his fetal sibling : biochemical signs of combined

sphingolipidosis. Eur. J. Pediatr. 149, 31–39

10 Paton, B. C., Schmid, B., Kustermann-Kuhn, B., Poulos, A. and Harzer, K. (1992)

Additional biochemical findings in a patient and fetal sibling with a genetic defect in

the sphingolipid activator protein (SAP) precursor, prosaposin. Evidence for a

deficiency in SAP-1 and for a normal lysosomal neuraminidase. Biochem. J. 285,
481–488

11 O’Brien, J. S., Carson, G. S., Seo, H. C., Hiraiwa, M., Weiler, S., Tomich, J. M.,

Barranger, J. A., Kahn, M., Azuma, N. and Kishimoto, Y. (1995) Identification of the

neurotrophic factor sequence of prosaposin. FASEB J. 9, 681–685

# 2000 Biochemical Society



556 Y. Sun and others

12 O’Brien, J. S., Carson, G. S., Seo, H. C., Hiraiwa, M. and Kishimoto, Y. (1994)

Identification of prosaposin as a neurotrophic factor. Proc. Natl. Acad. Sci. U.S.A. 91,
9593–9596

13 Qi, X., Qin, W., Sun, Y., Kondoh, K. and Grabowski, G. A. (1996) Functional

organization of saposin C. Definition of the neurotrophic and acid beta-glucosidase

activation regions. J. Biol. Chem. 271, 6874–6880

14 Kotani, Y., Matsuda, S., Sakanaka, M., Kondoh, K., Ueno, S. and Sano, A. (1996)

Prosaposin facilitates sciatic nerve regeneration in vivo. J. Neurochem. 66,
2019–2025

15 Qi, X., Kondoh, K., Krusling, D., Kelso, G. J., Leonova, T. and Grabowski, G. A.

(1999) Conformational and amino acid residue requirements for the saposin C

neuritogenic effect. Biochemistry 38, 6284–6291

16 Sun, Y., Witte, D. P. and Grabowski, G. A. (1994) Developmental and tissue-specific

expression of prosaposin mRNA in murine tissues. Am. J. Pathol. 145, 1390–1398

17 Hermo, L., Morales, C. and Oko, R. (1992) Immunocytochemical localization of

sulfated glycoprotein-1 (SGP-1) and identification of its transcripts in epithelial cells

of the extratesticular duct system of the rat. Anat. Rec. 232, 401–422

18 Collard, M. W., Sylvester, S. R., Tsuruta, J. K. and Griswold, M. D. (1988)

Biosynthesis and molecular cloning of sulfated glycoprotein 1 secreted by rat Sertoli

cells : sequence similarity with the 70-kilodalton precursor to sulfatide/GM1 activator.

Biochemistry 27, 4557–4564

19 Chang, B.-D., Watanabe, K., Broude, E. V., Fang, J., Poole, J. C., Kalinichenko, T. V.

and Roninson, I. B. (2000) Effect of p21Waf1/Cip1/Sdi1 on cellular gene expression :

implications for carcinogenesis, senescence, and age-related diseases. Proc. Natl.

Acad. Sci. U.S.A. 97, 4291–4296

20 Sun, Y., Jin, P. and Grabowski, G. A. (1997) The mouse prosaposin locus : promoter

organization. DNA Cell Biol. 16, 23–34

21 Holtschmidt, H., Sandhoff, K., Furst, W., Kwon, H., Schnabel, D. and Suzuki, K.

(1991) The organization of the gene for the human cerebroside sulfate activator

protein. FEBS Lett. 280, 267–270

Received 26 June 2000/18 August 2000 ; accepted 4 October 2000

22 Gavrieli-Rorman, E. and Grabowski, G. A. (1989) Molecular cloning of a human co-

beta-glucosidase cDNA : evidence that four sphingolipid hydrolase activator proteins

are encoded by single genes in human and rats. Genomics 5, 486–492

23 Fujita, N., Suzuki, K., Vanier, M. T., Popko, B., Maeda, N., Klein, A., Henseler, M.,

Sandhoff, K. and Nakayasu, H. (1996) Targeted disruption of the mouse sphingolipid

activator protein gene : a complex phenotype, including severe leukodystrophy and

wide-spread storage of multiple sphingolipids. Hum. Mol. Genet. 5, 711–725

24 Zhao, Q., Hay, N. and Morales, C. R. (1997) Structural analysis of the mouse

prosaposin (SGP-1) gene reveals the presence of an exon that is alternatively spliced

in transcribed mRNAs. Mol. Reprod. Dev. 48, 1–8

25 Jin, P., Sun, Y. and Grabowski, G. A. (1998) Role of Sp proteins and RORalpha in

transcription regulation of murine prosaposin. J. Biol. Chem. 273, 13208–13216

26 Hogan, B., Constantini, F. and Lacy, E. (1986) Manipulating the Mouse Embryo, Cold

Spring Harbor Press, Cold Spring Harbor

27 Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning : a Laboratory

Manual, 2nd edn, Cold Spring Harbor Press, Cold Spring Harbor

28 Dobie, K., Mehtali, M., McClenaghan, M. and Lathe, R. (1997) Variegated gene

expression in mice. Trends Genet. 13, 127–130

29 Sprecher-Levy, H., Orr-Urtreger, A., Lonai, P. and Horowitz, M. (1993) Murine

prosaposin : expression in the reproductive system of a gene implicated in human

genetic diseases. Cell. Mol. Biol. (Paris) 39, 287–299

30 Sun, Y., Jin, P., Witte, D. P. and Grabowski, G. A. (1998) Isolation and

characterization of the human prosaposin promoter. Gene 218, 37–47

31 Jensen, N. A., Pedersen, K. M., Celis, J. E. and West, M. J. (1998) Neurological

disturbances, premature lethality, and central myelination deficiency in transgenic

mice overexpressing the homeo domain transcription factor Oct-6. J. Clin. Invest.

101, 1292–1299

32 Schonenmann, M., Ryan, A. K., McEvilly, R. J., O’Connell, S. M., Carlos, A. A., Kalla,

K. A., Li, P., Sawchenko, P. E. and Rosefeld, M. G. (1995) Development and survival

of the endocrine hypothalamus and posterior pituitary gland requires the neuronal

POU domain factor Brn-2. Genes Dev. 9, 3122–3135

# 2000 Biochemical Society


