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Abstract Plasticity-related gene 1 (PRG-1) is a novel

player in glutamatergic synaptic transmission, acting by

interfering with lysophosphatidic acid (LPA)-dependent

signaling pathways. In the central nervous system, PRG-1

expression is restricted to postsynaptic dendrites on gluta-

matergic neurons. In this study, we describe the promoter

architecture of the PRG-1 gene using RNA ligase-mediated

rapid amplification of cDNA ends (RLM-Race) and PCR

analysis. We found that PRG-1 expression is under the

control of a TATA-less promoter with multiple transcrip-

tion start sites. We demonstrated also that 200-kb genomic

environment of the PRG-1 gene is sufficient to mediate

cell type-specific expression in a reporter mouse model.

Characterization of the PRG-1 promoter resulted in the

identification of a 450-bp sequence, mediating &40-fold

enhancement of transcription in cultured primary neurons

compared to controls, and which induced reporter

expression in slice cultures in neurons. Recently, the

regulation of PRG-1 by the basic helix-loop-helix tran-

scription factor Nex1 (Math2, NeuroD6) was reported.

However, our studies in Nex1-null-mice revealed that

Nex1-deficiency induces no change in PRG-1 expression

and localization. We detected an additional Nex1-inde-

pendent regulation mechanism that increases PRG-1

expression and mediates neuron-specific expression in an

organotypic environment.
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transcription factor � Dual-luciferase assay � RLM-Race

Introduction

Plasticity related genes (PRGs), notably PRG-1 and PRG-3,

act in a variety of neuronal processes like filopodia forma-

tion, neurite extension, axonal path finding, and

reorganization after lesions [5, 25, 27, 32]. PRG-1 is verte-

brate-specific, most prominently expressed in the CNS. At

embryonic day 19 (E19), the mRNA is detected in the sub-

ventricular zone and hippocampal anlage. After birth, PRG-1

transcripts are strongly upregulated in the entire brain,

especially in the hippocampus and entorhinal cortex [4], and

the protein is found exclusively on glutamatergic neurons in

the CNS. Recently, analysis of PRG-1 null mouse models

elucidated the modulatory role of the postsynaptically

localized PRG-1 protein during excitatory synaptic trans-

mission on glutamatergic neurons. This role of PRG-1 in

neuronal transmission is thought to depend on an interaction

of PRG-1 and lipid phosphates like LPA, acting through

presynaptic LPA2-receptors [34]. In order to elucidate the

peculiar expression profile of PRG-1 in neurons, we gener-

ated a reporter mouse model expressing YPF controlled by
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the native PRG-1 promoter and were able to show that

200-kb sequence enclosing the PRG-1 gene are effectual to

confer cell type-specific expression. We also performed

RLM-Race and mapped additional transcription start points

(TSS) in rodents and confirmed these via PCR-analysis.

A recent study displayed the influence of Nex1, a

homolog of the Drosophila proneural gene atonal

belonging to the family of basic helix-loop-helix (bHLH)

transcription factors, on PRG-1 expression. bHLH tran-

scription factors bind to the consensus sequence CANNTG

(designated as E-box), located in a variety of promoter and

enhancer elements [20]. Nex1 expression is CNS specific,

prominent in pyramidal neurons, dentate gyrus, and mossy

and granule cells [9]. Expression starts at embryonic day 12

[30] and peaks in the first postnatal week parallel to den-

dritic arborization and synaptogenesis of cortical neurons

[3]. Expression is sustained in mature neocortical and

hippocampal pyramidal neurons, in mature neurons of the

entorhinal cortex, subicular cortex, cingulate gyrus,

amygdala, and cerebellum [29]. Besides its pattern of

expression, knowledge of Nex1 functions in vivo is limited,

as Nex1-null-mice studies failed to show a distinct phe-

notype, probably due to functional redundancy of bHLH

transcription factors. Studies in cell-culture models sug-

gested several functions for Nex1 that might be relevant for

neurogenesis, neuronal differentiation, and cellular main-

tenance. Constitutive over-expression of Nex1 induces

spontaneous neuritogenesis, promotes neurite outgrowth

and regeneration in PC 12 cells [37, 38]. In vitro, Nex1

regulates a molecular chaperone network through the

expression of heat shock proteins and connects neuronal

differentiation with survival pathways [36]. To determine

the regulatory role of Nex1 in PRG-1 expression, we per-

formed dual-luciferase assays in primary cultured cells and

analyzed elements displaying transcriptional activation

regarding Nex1 regulation. To further characterize Nex1-

dependent PRG-1 regulation, we determined PRG-1

expression and localization in Nex1-null mice.

Materials and methods

PRG-1-YFP-BAC-reporter mouse

Via recombination processes, we inserted the sequence of

cytoplasmic yellow fluorescent protein (YFP) reporter into

the translation start point of the PRG-1 gene, located on the

bacterial artificial chromosome (BAC) RP 23-340J18,

accession (start/end): AQ976872, AQ976874 in pBACe3.6

(RZPD, Berlin, Germany). The sequence of YFP was

inserted into the translation start site of PRG-1 as described

in detail (http://www.gensat.org/BACProtocol.pdf). Line-

arized BAC-DNA was microinjected into zygotes of NMRI-

foster mice at the Max Delbrück Centrum (Berlin, Ger-

many). PRG-1 KO-mouse: Generation described in detail

[34]. Nex1 KO-mouse was kindly provided by Nave [28].

Messenger RNA isolation

mRNA from C57/Bl6 mice (P30) was isolated via lMacs

(Miltenyi Biotec, Bergisch Gladbach, Germany) according

to the manufacturer’s recommendations.

RNA-ligase-mediated rapid amplification of cDNA

ends (RLM-Race)

mRNA (250 ng sample) obtained from P30 mouse brain

(C57/Bl6), were processed for RLM-Race using the Gen-

eRacer
TM

-kit (Invitrogen, Carlsbad, CA, USA) according to

the manufacturer’s recommendations. PCR amplification

was performed first with the GeneRacer 50Primer and the

PRG-1 specific 30-Primers, Rat: R1 50aacctgtgcactcc

ggattcagttgcta-30, R2 50-gtgatcaaggacagcgtcaccctcctg-3, R3

50-gcggtggagagcccagggagagtggca-30; Mouse: M1 50-atctg

tgggatcatctgcggactaacac-3, M2 50-tttgccgctgtgtatgtgtccatg

tact-30, M3 50-gtcttagcatgccgtacattgagccaac-30. Amplified

fragments were inserted into the plasmid PCR2.1-TOPO

(Invitrogen, Carlsbad, CA, USA) and E. coli (XL1-Blue) were

transformed. Subsequently, positive clones were sequenced.

Primary cell culture

Primary hippocampal neurons were prepared from

embryonic day 17(E17) C57/Bl6 mouse pubs or from E18

Wistar rat pubs as described [1, 2]. The cells were cultured

at a density of 50,000 cells/cm2 on poly-L-lysine coated

polystyrene multiwell plates (Becton–Dickinson Labware,

Le Pont De Claix, France) in Neurobasal A medium sup-

plemented with 2% B27 (Invitrogen, Carlsbad, CA, USA),

0.5 mM glutamine [6], and the antibiotics penicillin and

streptomycin. Primary cortical astrocytes were prepared

from postnatal day 2 (P2) C57/Bl6 mouse pubs as descri-

bed [17].

Vector construction

To generate promoter deletion constructs, we amplified

specific-length fragments from the human, mouse and rat

PRG-1 promoter with Herculase (Stratagene, La Jolla, CA,

USA). Amplified fragments were restricted and inserted

into pGL3basic (Promega, Madison, WI, USA). Denomi-

nation of vectors referred to the position of the inserted

region in relation to the translation start point, ATG. The

coding sequence of Nex1 was inserted into pCMV-HA

(Clontech, Takara Bio Europe, Saint-Germain-en-Laye,

France).
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Transient transfection and dual-luciferase assay

All cells were transiently transfected with equal amounts of

the various luciferase-fusion constructs or pGL3basic in

serum-free growth media using transfection reagents

according to the manufacturer’s protocol. pHRLtK (Pro-

mega, Madison, WI, USA) containing the Renilla

luciferase gene fused to the herpes simplex virus thymidin

kinase promoter was cotransfected in order to normalize

transfection efficiencies. HEK 293 cells (ATCC, Manassas,

VA, USA) were transfected with Fugene6-reagent (Roche,

Mannheim, Germany). Primary neurons and astrocytes

were transfected with Effectene (Qiagen, Hilden, Ger-

many). The cells were lysed 48 h after transfection and the

luciferase activities of the cell lysates were determined

using the dual-luciferase reporter assay system (Promega,

Madison, WI, USA). Transfections with each construct

were performed at least three times.

cDNA synthesis

mRNA was digested with DNase (Roche, Mannheim,

Germany) prior to cDNA synthesis. cDNA was synthesized

with random hexamer primers and Superscript
TM

III RT

(Invitrogen, Carlsbad, CA, USA) according to the manu-

facturer’s recommendations.

PCR analysis

PCR amplification of cDNAs was performed at an annealing

temperature of 59�C in 34 cycles. Negative controls with

A. bidest as template showed no amplification.

Primers: m1fw: 50 -gctgctatcccttgcccgcaaaacac-30, m2fw:

50 -cctatttttgacgtcaagctcaacc-30, m3fw: 50- ggcagggctgt

cacgcttgggtagc-30, mrev: 50- caacgaaataaaaacagggcag-30.
Amplificates were separated in 2% (w/v) ethidiumbromide

stained agarose gels.

Slice culture and cell labeling by electroporation

Mice (C57/Bl6) at postnatal day 5 (P5) were used for the

organotypic slice culture techniques, as described previ-

ously [41, 42]. In brief, 300-lm coronal cortical slices with

hippocampal commissure were cultured in six-well plates

on 0.4-lm Millicell Inserts (Millicell-CM PICMORG 50,

Millipore) floating on 1-ml culture medium (50% Dub-

ecco’s minimal essential medium, 25% heat-inactivated

horse serum, 25% Hank’s balanced salt solution, 6.5 mg/

ml glucose and 100 U/ml streptomycin and penicillin). The

cultures were incubated in 5% CO2 at 37�C. The hippo-

campal CA3 region of P5 cortical slices were injected with

reporter-plasmid containing solution. We used plasmids in

a concentration of 2 lg/ll for the local electroporation

technique, as described previously [35]. The electropora-

tion (100 V, pulse duration, 5 ms, interval 500 ms, two

times) was performed 1 h after slice preparation. The

electroporated postnatal slices were incubated for 2 days in

5% CO2 at 37�C. Multiple sequence alignment: ClustalW:

http://www.ebi.ac.uk/Tools/clustalw2/index.html. Prediction

of transcription factor binding sites: AliBaba2.1(gene-regu-

lation.com). Prediction of CpG islands: http://cpgislands.

usc.edu/.

Electrophoretic mobility shift assays

Nuclear protein extracts from primary cortical rat neurons

were prepared and electrophoretic mobility shift assays

were performed exactly as described [18]. The sequence of

the oligonucleotides used were as follows (sense strand):

EMSA1 50-ccttggctcctcagccttgcttctgcaga-30; EMSA2 50-ag

aaaccaggagtgcctccccccactatt-30; EMSA3 50-tatttttgacgtcaa

gctcagacaacca-30; EMSA4 50-accagcagaggagcctcacagcttg

gg-30; EMSA5 50-gcttgggcggtggagagcccagggagagt-30; SP1

50-attcgatcggggcggggcgag-30; CREB 50-agagattgcctgacgtc

agagagctag-30.

Tissue preparation and Western blot

All procedures involving animals were performed in accor-

dance with the European Community0s Council Directive of

24th November 1986 (86/609/EEC). The animals were kil-

led and their brains were removed and homogenized with an

ULTRA-TURRAX� homogenizer in STM-buffer: 250 mM

sucrose, 10 mM Tris, 1 mM MgCl2 with 1% Triton (v/v) and

a proteinase inhibitor cocktail (Sigma, St. Louis, MO, USA).

Proteins were electrophoresed in 10% polyacrylamide-

sodium dodecyl sulfate gels and electrotransferred to nitro-

cellulose membranes (Schleicher & Schuell, Dassel,

Germany). The blots were incubated with either rabbit

polyclonal antibody against PRG-1(1:1,000; generated in

our lab), rabbit polyclonal antibody against Nex1/Math2

(1:1,000; Millipore, Schwalbach, Germany), or a mouse

monoclonal antibody against b-Actin (1:5,000, Sigma, St.

Louis, MO, USA). After washing five times with PBS, the

blots were incubated with horse radish peroxidase-conju-

gated secondary antibody, treated with chemiluminescence

reagents (GE Healthcare, Munich, Germany), and exposed to

x-ray films. If reprobing was necessary, nitrocellulose

membranes were stripped with 100 mM sodium citrate.

Immunohistochemistry

Horizontal brain sections of mouse brains (50 lm) were

fixed by perfusion with 4% PFA, and sections of hippo-

campal slices (100 lm) were fixed 30 min with 4% PFA.

Sections were processed for immunostaining using a rabbit
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polyclonal antibody against PRG-1 (1:1,000), a chicken

polyclonal antibody against b-galactosidase (1:2,000,

abcam, Cambridge, MA, USA), a rabbit polyclonal anti-

body against parvalbumin (1:2,500, Swant, Bellinzona,

Switzerland), calretinin (1:1,000, Swant, Bellinzona,

Switzerland), NeuN (1:1,000, Chemicon, Temecula, USA),

and GFP (1:1,000, abcam, Cambridge, USA). To suppress

non-specific binding, sections were incubated in 0.01 M

PBS, 5% serum and 0.01% Triton X-100, for 1 h at RT.

Thereafter, sections were incubated with primary antibody

overnight at 4�C. After washing, sections were incubated

with a secondary fluorochrome-conjugated antibody

(1:2,000; Alexa Fluor 568/Alexa Fluor 488; Molecular

Probes, Eugene, OR, USA). The specificity of the antibody

was tested by omitting the primary antibody or by replac-

ing it with an equivalent concentration of non-specific IgG.

No unspecific immunostaining was detected. Confocal

images were obtained with a LEICA LCS SL confocal

microscope (Leica Microsystems GmbH, Wetzlar, Ger-

many). Fluorescent images were obtained with an Olympus

BX 50 microscope. Subsequent montage of multiple ima-

ges to overview screens was done using MetaMorph

software (Downingtown, PA, USA).

Results

200-kb genomic sequence enclosing PRG-1 is sufficient

to confer PRG-1-specific, strictly neuronal,

and neuronal subtype-specific expression pattern

in a reporter mouse line

To assess the promoter region necessary for proper PRG-1

expression, we created a reporter mouse that expressed

yellow fluorescent protein (YFP) under the control of native

PRG-1 promoter elements in 200-kb genomic sequence

surrounding the prg-1 gene. We characterized three inde-

pendent lines containing the full-length transgene sequence.

We found identical spatial and temporal, exclusively neu-

ronal expression of the YFP-reporter protein in all

examined lines. The strength of fluorescence varied within

the three lines, corresponding to different copy numbers of

the inserted transgene in the three different transgenic lines,

investigated via Southern blot (data not shown). Adult (P30)

animals showed strong signals in hippocampal principal

neurons of a PRG-1-YFP-BAC-mouse (Fig. 1a). Dendrites

of PRG-1-expressing neurons were labeled with PRG-1

antibody; corresponding cell bodies were labeled by

expression of yellow fluorescent protein (Fig. 1b, c).

PRG-1 protein-containing cells expressed YFP, but in

some PRG-1-positive cells reporter gene expression was

minimal or missing. Correct reporter gene expression was

confirmed via colocalization studies with PRG-1-YFP-

BAC-mice crossbred with PRG-1-null mice harboring a

b-galactosidase reporter cassette under control of the

PRG-1 promoter. Heterozygous offspring was analyzed via

immunochemistry (Supplemental Fig. 1A–C) by compar-

ing the cytoplasmic reporters yellow fluorescent protein

and b-galactosidase. Immunocytochemistry for parvalbu-

min and calretinin (Fig. 2a, b) confirmed no colocalization

with interneurons, as described previously for PRG-1 [34].

This indicates that all necessary elements for neuronal

subtype expression of prg-1 are present on the BAC

sequence selected for transgene generation. In addition, no

misexpression of the reporter gene in all animals analyzed

was observed. The selected 200-kb genomic environment

of the PRG-1 gene was adequate to mediate cell type-

specific expression, independent of transgene insertion loci.

Fig. 1 Yellow fluorescent protein expression under control of the

PRG-1 promoter. a Hippocampal section of an adult (P30) PRG-1-

Bac-YFP reporter mouse, axons, and cell bodies of PRG-1-expressing

neurons are labeled by the cytoplasmic reporter protein. The strongest

fluorescence was detected in the granular cell layer and CA1-CA3

pyramidal cell layer, Scale bar = 200 lm. b PRG-1 expression in the

dentate gyrus of an adult (P30) PRG-1-Bac-YFP reporter mouse.

Dendrites of PRG-1-expressing cells are labeled by PRG-1 antibody

and the corresponding cell bodies are labeled by YFP expression,

Scale bar = 100 lm. c PRG-1 expression in the granule cell layer of

an adult (P30) PRG-1-Bac-YFP reporter mouse, Scale bar = 15 lm
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Identification of multiple transcription start sites (TSS)

for PRG-1 in rodents

We performed RLM-Race to specifically detect capped

transcripts and mapped several TSS in rat and mouse. Rat

transcripts start at position: -201, -160, -156, -96, ?46,

?69 given in relation to the translation start point

ATG = ? 1. Mouse transcripts were mapped at position:

-149, -144, -101, ?2, ?43, ?45, ?71 and ?79 (Fig. 3a).

Some TSS were located downstream of the first translation

start point, revealing a second putative translation start site,

which is conserved in the mammalian PRG-1 sequences. In

mouse and rat sequences, the second ATG was located at

position ?148, and in human at position ?145. Neither the

TSS identified initially (NM_001001508) nor the other TSS

in the same distance to the translation start site, could be

mapped in this analysis. To confirm the initially identified

TSS, we performed PCR analysis of murine cDNAs. We

used the following primer combinations for amplification of

sequence elements with subsequent denoted position in

relation to the first ATG: m1: -119fw/? 222rev; m2:

-240fw/? 222rev; m3: -509fw/? 222rev (Fig. 3b). The

PCR analysis confirmed the existence of transcripts with

similar length as the originally identified PRG-1 TSS in rat

(Fig. 3c). Long amplificates corresponding to the initially

identified rat TSS occur to a lesser extent than amplificates

corresponding to TSS identified in this study (one selective

figure of five independent experiments shown). With

increasing distance to the first ATG, the amount of ampli-

fied transcript decreases, thus indicating m1 as the main

transcript. Positive controls with murine genomic DNA as

template documented that the small amounts of amplificate

with primer combination m3 are not a result of differences

in PCR efficiency.

A 450-bp sequence element of the human and rodent

PRG-1 promoter is sufficient to stimulate neuronal

transcription

To further characterize the promoter architecture of PRG-1,

we searched for sequence elements responsible for specific

neuronal expression of PRG-1. We performed dual-lucif-

erase-assays with several deletion-constructs of the PRG-1

promoter in primary neurons and astrocytes. Transfection

of human PRG-1 promoter deletion-constructs in primary

rat neurons and astrocytes resulted in identification of a

450-bp sequence (h-300/?143), mediating &40-fold

enhancement of transcription in primary rat neurons com-

pared to control (Fig. 4a). Truncation of this fragment to

300 bp (h-169/?143) leads to a 50% reduction of speci-

ficity for neuronal transcription down to the level of

stimulation in astrocytes. Transfection of this 300-bp

sequence in reverse orientation (h?143/-169) leads to

almost complete loss of transcriptional activity. All

Fig. 2 Immuno-colocalization confirms accurate reporter gene

expression in PRG-1-YFP-BAC reporter mice (P30). PRG-1-YFP-

BAC mice display no reporter gene expression in interneurons,

indicating neuronal subtype-specific expression of the reporter gene.

Immunostaining for a parvalbumin and B calretinin, scale
bar = 200 lm
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constructs with a 30-extension to the second putative

translation start site display enhanced transcriptional

activity compared to controls.

The homologous 450-bp sequences of the murine pro-

moter region (m-297/?145) induce similar transcriptional

progression in primary mouse neurons compared to astro-

cytes (Fig. 4b). Truncation to a homologous murine 300-bp

sequence (m-160/?145) induces the same effect in the

homologous system as in the previously mentioned heter-

ologous system. Transfection of other murine PRG-1

promoter constructs failed to identify other sequence

fragments with similar transcriptional activity in primary

mouse neurons. Interestingly, the addition of 50-sequences

to the 450-bp minimal promoter led to a strong decrease of

transcriptional activity.

The 450-bp minimal promoter confers neuronal

expression in organotypic slice cultures

To investigate if the identified 450-bp promoter fragment is

effectual under in vivo conditions, we electroporated this

construct in P5 hippocampal slices. We exchanged the

luciferase reporter sequence with the sequence of GFP in

the 450-bp pGl3 promoter construct used in the dual-

luciferase assays. Expression of GFP was detected, which

confirms the functionality of this promoter in brain tissue

(Fig. 5). Immunohistochemical analysis by NeuN antibody

colabeling documented GFP expression to occur in neurons.

Neuronal transcription of PRG-1 is stimulated

independently from Nex1

For analysis of Nex1 effects as reported by [40], all tested

PRG-1 promoter-deletion constructs used in this study

were cotransfected with Nex1 expression vector or control

in HEK 293 cells. Nex1 exhibits a minimal stimulation on

all tested fragments (Fig. 6a). In contrast to primary cell

studies, the 300-bp Fragment (h-169/F?143; m-160/

?145) of the human and mouse PRG-1 promoter showed

C

-750 bp -500 bp -250 bp +250 bp+1 bp

1.ATG 2.ATG

 rat: -201, -160, -156, -96, +46, +69

mouse: -149, -144, -101, +2, +43, +45, +71, +79

NM_001001508
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Fig. 3 a PRG-1 is transcribed from multiple transcription start points

in rodents. Mapped transcription start sites of PRG-1 in rat (filled
arrows): -201, -160, -156, -96, ?46, and ?69. The positions are

designated in relation to the first translation start site (ATG = ?1).

Mapped transcription start sites in mouse (open arrows): -149,

-144, -101, ?2, ?43, ?45, ?71, and ?79. A second putative

translation start site is conserved in mammals, in mouse and rat at

position ?145 and in the human sequence at position ?143. To

affirmate transcripts with 50- extension according to NM_001001508,

we amplified corresponding sequences with following primer pairs:

m1: -119/?222; m2: -240/? 222; m3: -509/? 222. b Position of

amplificates in relation to the first murine ATG. c Positive control

amplified from murine genomic DNA (gDNA) for comparison of

amplification efficacy. PCR products were amplified from murine

cDNA

A

0 20 40 60 80+1bp -2000 -1000-3000

Neurons

Astrocytes

relative luciferase activity

h-300/+143

h-169/+143rev

h-169/+143

h-1803/-199

h-1803/+1

h-3189/-2073

h -3189/-48

h-1803/+143

pGL3basic

B

+1bp -2000 -1000 0 20 40 60

relative luciferase activity

Neurons

Astrocytes

80

m-160/+145

m-297/+145

m-1724/+39rev

m-1724/+39

m-1724/+145rev

m-1724/+145

pGL3basic

Fig. 4 Identification of a sequence element in the human and murine

PRG-1 promoter sufficient to confer neuronal transcription. a Human

PRG-1 promoter 50end deletion constructs were ligated in the dual-

luciferase reporter gene vector pGL3. Constructs and expression

control pHRLtk (Promega) were co-transfected in primary rat neurons

and astrocytes. The left side of the figure shows the position of the

transfected construct in relation to the first translation start site

(ATG = ?1) of PRG-1. Additionally, the nomenclature of the

constructs refers to their exact location in relation to the first

translation start site. The right side of the figure displays the relative

luciferase activity of the transfected constructs. The relative luciferase

activity is defined as the ratio of Firefly luciferase activity versus

Renilla luciferase activity. Basal-level luciferase activity of cells

transfected with pGL3basic and pHRLtk (Promega) was taken as 1%.

Results are expressed as fold increase ±SD. The experiments were

repeated at least three times independently. b Murine PRG-1/pGL3

reporter constructs and expression control pHRLtk were co-transfec-

ted in primary mouse neurons and astrocytes
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the highest rate of activity in HEK 293 cells instead of the

450-bp minimal promoter (h-300/?143; m-297/?145).

Interestingly, the mouse 300-bp fragment contains no

functional E-Box motif.

The region of the rat PRG-1 promoter (-1,269 to

-582 bp relative to the first ATG = ?1) where binding

of Nex1 to an E-box motif was documented via chromatin

immunoprecipitation and which displays the strongest

Nex1-dependent stimulation [40], was subcloned in pGL3.

The homologous regions of mouse and human sequences

(m-1300/-613, h-1399/-613) were also subcloned as

controls. Rodent-positive controls exhibit similar expression

stimulation following Nex1 cotransfection, as published.

The empty vector pGL3 differs in transcriptional acti-

vation by Nex1 from the vector pGL4 used in the

aforementioned study, hence influences resulting by the

usage of different vector backbones could not be excluded.

Furthermore, the human positive control without conserved

E-Box motifs (Supplemental Fig. 2) at the positions found

in the rodent sequences displays similar enhancement of

reporter expression. The 450- and 300-bp fragments

showing the highest activity have not been analyzed in

earlier studies.

To further analyze Nex1 effects on the 450- and 300-bp

sequence elements, murine constructs were cotransfected

with a Nex1 expression vector or control in neurons

(Fig. 6b). Only minimal increment of transcription could be

determined in neurons with the 450- and 300-bp constructs,

implicating a Nex1-independent control mechanism.

Further investigation of the 450-bp minimal promoter

by electrophoretic mobility shift assays (EMSA)

We have shown in dual-luciferase assays that truncation of

the first 150 bp in the human and mouse minimal promoter

leads to loss of specific transcriptional stimulation in neurons.

Fig. 5 The 450-bp minimal promoter mediates neuronal expression

of GFP. Hippocampal slices of P5 mice electroporated with the

450-bp minimal promoter driving GFP expression. Labeling with

the neuronal marker NeuN reveals strict neuronal expression of the

reporter, scale bar = 10 lm
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Fig. 6 Nex1 stimulates general transcription from PRG-1 promoter

deletion constructs. a All PRG-1/pGL3 reporter constructs, expres-

sion control pHRLtk (Promega), and a Nex1 expression vector or

mock were co-transfected in HEK293 cells. The left side of the figure

shows the position of the transfected construct in relation to the first

translation start site (ATG = ?1) of PRG-1. Additionally, the

nomenclature of the constructs refers to their exact location in

relation to the first translation start site. The right side of the figure

displays the relative luciferase activity of the transfected constructs.

The relative luciferase activity is defined as the ratio of Firefly

luciferase activity versus Renilla luciferase activity. Basal-level

luciferase activity of cells transfected with pGL3basic and pHRLtk

(Promega) was taken as 1%. Results are expressed as fold increase

±SD. The experiments were repeated at least three times indepen-

dently. Control vectors: h-1399/-633, m-1300/-613, r-1269/

-582 were transfected for monitoring Nex1-dependent activation.

b The murine luciferase reporter constructs (450/300 bp) displaying

the strongest specific neuronal transcriptional activities, expression

control of pHRLtk, and a Math2/Nex1 expression vector or mock

were co-transfected in primary mouse neurons. Only a minimal effect

of Nex1 coexpression is seen
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Therefore we investigated binding of transcription factors via

EMSA with crude nuclei extracts of cultivated primary rat

neurons on five overlapping double-stranded oligonucleo-

tides comprising these 150 bp of the rat sequence. We could

detect DNA–protein complexes with the labeled probes

EMSA1, EMSA3, and EMSA5 (Fig. 7a). These complexes

were competed with 100-fold excess of the respective unla-

beled probe. Shifted bands without competition after addition

of unlabeled probe were considered as nonspecific binding.

Subsequent in silico search for transcription factors predicted

binding sites for Sp1 (EMSA1, EMSA5) and CRE (EMSA3)

conserved in rodent and human sequences. On that account,

we performed gel shifts with the labeled probes EMSA1 and

EMSA5 and competed with the respective unlabeled oligo-

nucleotides or an unlabeled oligonucleotide with the Sp1

consensus binding sequence. In case of EMSA3, we com-

peted with an unlabeled oligonucleotide harboring the CREB

(cAMP-responsive element binding protein) consensus

binding sequence (Fig. 7b). A reduction of the EMSA1-

DNA–protein complex was observed after competition with

100-fold excess SP1 oligonucleotide. The EMSA3-DNA–

protein complex was competed by 100-fold excess CREB

oligonucleotide. The EMSA5-DNA–protein complex was

also competed by 100-fold excess SP1 oligonucleotide.

Nex1 deficiency in vivo has no influence on PRG-1

expression

To investigate the influence of Nex1 regulation on PRG-1,

we performed Western-blot analysis in Nex1-null mice.

Cortex homogenates of adult mice (P30) showed unchan-

ged PRG-1 expression in Nex1-null mice compared to

controls (Fig. 8). Additional analysis of P15 animals con-

firmed unchanged PRG-1 levels at the timepoint of highest

PRG-1 expression in Nex1-null mice. Western-blot analy-

sis of cortex homogenates of adult (P30) PRG-1-null mice

documented unchanged Nex1 expression in PRG-1-null

mice compared to controls, implicating no feedback regu-

lation of Nex1 by PRG-1 (Supplemental Fig. 3).

We investigated possible alterations in PRG-1 locali-

zation by immunohistochemical analysis via PRG-1

antibody labeling. The dendritic staining showed no dif-

ference between adult (P30) Nex1-null mice and controls

(data not shown). To compare the amount and position of

cell bodies and axons of PRG-1-expressing cells, Nex-null

mice were crossed with the PRG-1-YFP-BAC- reporter

strain. The amount and localization of the reporter YFP are

equal in Nex1-null mice compared to controls (Fig. 9).

Discussion

Our analysis of PRG-1 transcriptional regulation has shown

that all regulatory elements for PRG-1-specific gene

expression are coded on a 200-kb BAC containing 41-kb

PRG-1 genomic sequence, and 64-kb upstream as well as

94-kb downstream sequence. Further, we showed that

PRG-1 transcription is initiated at multiple transcription

start sites. We detected one sequence element 50 at the

translation start site ATG that mediates specific neuronal

transcription in the human and rodent PRG-1 promoter.

Although Nex1 stimulated transcription from various

putative 50 PRG-1 promoter fragments, it appears that Nex1

deficiency has no influence on PRG-1 expression in vivo.
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Fig. 7 Electrophoretic mobility shift assays showing the binding of

proteins in nuclear extracts of primary rat neurons to oligonucleotide

probes representing the 50portion of the identified minimal promotor.

a Nuclear extracts were incubated with overlapping oligonucleotide

probes (EMSA 1–5) corresponding to a region of 150 bp of the rat

minimal promoter sequence, in the absence (-) or presence (?) of a

competing unlabeled oligonucleotide of identical probe sequence used

in 100-fold excess. b Identified DNA–protein complexes were com-

peted with consensus unlabeled SP1 or CREB oligonucleotides due to

prediction of transcription factor binding sites on the respective probe
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Fig. 8 PRG-1 displays similar expression in adult cortex homoge-

nates (P30) and at the expression maximum at P15. Western-blot

analysis of Nex1-null mice (-) and wild-type controls (?), b-actin as

loading control. For verification of PRG-1 antibody specificity, equal

amount of PRG-1KO (K) homogenate was loaded
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PRG-1 belongs to the family of plasticity related genes

that possesses homology to lipid phosphate phosphatases

and is part of the superfamily of lipid phosphate phos-

phatases/phosphotransferases [31]. However, PRG-1 shows

no enzymatic activity for dephosphorylation of the super-

family-specific substrates such as phosphatidate,

lysophosphatidate, or sphingosine-1-phosphate [8], which

is due to amino acid exchanges in the catalytic motif that is

shared by active PAP-2 family members [7, 22]. PRG-1 is

involved in modulation of neuronal transmission via bio-

active lipids, such as LPA acting via presynaptic LPA2

receptors, which are controlled by PRG-1 from the post-

synaptic side (specifically at the glutamatergic junction).

According to recent data, this action may be mediated by

PRG-1 by depleting the pool of bioactive lipids that act on

the presynaptic LPA2 receptors [34].

PRG-1 is transcribed via a type ‘‘null’’ core promoter

containing neither TATA box nor initiator element. Mul-

tiple start sites are common for this promoter type [24].

The existence of transcription start sites downstream of the

first ATG of PRG-1 implies the existence of a second,

alternative N-terminus. Beside the full-length protein, the

existence of a shorter form, lacking the N-terminal 49

amino acids translated from second ATG, needs to be

confirmed. The shorter form of PRG-1 resembles the

homologous protein PRG-2 at the N-terminus [5], which is

expressed prenatally and has a different expression pattern

compared to PRG-1. Thus, it is possible that the short form

of PRG-1 substitutes the function of PRG-2 postnatally.

Analysis of expressed sequence tag databases revealed the

existence of diverse PRGs in all vertebrates examined, but

the full-length long form with the additional 49 amino

acids at the N-term of PRG-1 could only be found in

mammals according to in silico analysis of GenBank

sequences. However, a functional role of this N-terminal

elongation restricted to mammals remains to be elucidated.

In our present study, expression analysis of the PRG-1-

YFP-Bac mouse showed that the chosen BAC sequence is

effectual for mediating strict neuronal expression. The

peculiar specific neuronal expression of PRG-1 is not

mediated via binding of RE I silencing transcription factor

(REST/NRSF), which was evidenced by the fact that in

silico analysis documented the absence of REST/NRSF-

binding sites on the chosen BAC sequence. To elucidate

the transcriptional regulation of PRG-1, we searched for

elements responsible for neuronal expression in the puta-

tive promoter region. We identified a 450-bp minimal

promoter conferring enhanced specific transcription in

neurons and electroporation of hippocampal slices docu-

mented the capacity of the 450-bp promoter to mediate

neuronal expression of a reporter gene.

We have shown in dual-luciferase assays that truncation

of 150 bp of the identified minimal promoter leads to

reduction of transcriptional stimulation in neurons. There-

fore we analyzed this 150-bp sequence via EMSA for

competence of protein binding. Analysis of transcription

factor binding sites revealed conserved binding sites for

Sp1 and CRE (cAMP-responsive element) in the rodent

and human sequences. Subsequent EMSA showed that

competition with the respective consensus-binding sites

against Sp1 and CREB diminish DNA–protein complexes.

Sp1 is a ubiquitously expressed transcription factor impli-

cated in transcription of many TATA-less promoters [39].

On that account, it is very unlikely that the specific neu-

ronal stimulation of transcription is mediated by this factor.

The cAMP-responsive element binding protein (CREB) is

a nuclear protein that modulates transcription of genes with

cAMP-responsive elements in their promoters [23, 26].

CREB is a component of intracellular signaling cascades

that regulate a wide range of biological functions, from

spermatogenesis to circadian rhythms and memory for-

mation [11]. Increases in the concentration of either

calcium or cAMP can trigger the phosphorylation and

therefore the activation of CREB [14, 21]. Previous to our

study, PRG-1 was identified as a potential target of the

CREB regulon. On the one hand in a serial analysis of

chromatin occupancy (SACO) library derived from rat

PC12 cells [13], on the other hand in a genome-wide

approach for characterization of target genes that are reg-

ulated by CREB in different cellular contexts [43].

Although CREB is a widely expressed transcription factor,

it facilitates a variety of specific responses in the nervous

system [19, 33]. Computer-aided analysis predicted a CpG

island surrounding the CRE site on the identified minimal

promoter, raising the possibility of CREB binding in vivo,

Fig. 9 Unchanged YFP expression in PRG-1-Bac-YFP/Nex1-/-

mice. In the PRG-1-Bac-YFP reporter mouse, axons and cell bodies

of PRG-1 expressing neurons are labeled by the cytoplasmic reporter

protein. Nex1-deficient PRG-1-Bac-YFP reporter mice (a) display

identical YFP expression to controls (b)
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since CpG methylation interferes with CREB binding [12].

Besides the assumption of CREB governing the specific

neuronal stimulation on the identified minimal promoter,

alternatively, another binding site on this fragment medi-

ates the neuronal specificity and CREB together with Sp1

amplify this transcriptional stimulation. Additionally, it is

worth mentioning that PRG-1 and PRG-5, both expressed

in brain and testis, are positioned on the same chromosome,

in &300-kb distance, a feature conserved between human

and rodents so they might share regulatory elements nec-

essary for tissue-specific expression.

Members of the bHLH- transcription factor family are

involved in vertebrate neurogenesis, depending on whether

they act early or late during the differentiation process.

They were designated as neuronal determination factors

regulating competence or determination; the latter were

termed as neuronal differentiation factors [10, 15, 16]. For

example, Nex1 transcripts mark brain regions generally

associated with learning and memory formation [3]. The

spatial and temporal expression pattern of Nex1 overlaps

with PRG-1 and thus includes the feature that expression is

absent in GABAergic interneurons [9]. This, in turn, makes

Nex1 an ideal candidate for conferring the strict neuronal

expression of PRG-1. A recent study shows by chromatin

immunoprecipitation assays that Nex1 binds directly to at

least one E-Box in the promoter region of PRG-1 and that it

also mediates neurite outgrowth via PRG-1 expression in

PC12 cells [40]. The transcriptional stimulation of PRG-1

by the factor Nex1 via a specific E-Box motif in the rat

sequence could be confirmed in our dual-luciferase assays

in HEK 293 cells. For control purposes, we subcloned

homologous murine and human sequences of this rat PRG-1

promoter sequence, in which Nex1 binding has been doc-

umented. These murine and human control vectors display

similar enhancement of transcriptional stimulation, fol-

lowing Nex1 cotransfection. As the E-box motif at which

Nex1 binding in rat was reported is not conserved in mouse

and human sequences, potentially another adjacent E-box is

responsible for the Nex1-mediated stimulation. However,

fragments without any E-Box motifs (e.g., m-160/?145)

displayed similar transcriptional activation to fragments

with functional E-boxes after Nex1 cotransfection in HEK

293 cells. Another explanation could be that the regulation

performed by Nex1 on the transcription of PRG-1 is not

direct; and that a potential direct interaction partner needs to

be identified in further studies. Nevertheless, our study

documents a Nex1-dependent transcriptional stimulation of

all tested deletion constructs.

To investigate at which step the basic helix-loop-helix

(bHLH) transcription factor Nex1 is involved in the regu-

lation of PRG-1 and to address the question whether Nex1

even drives the strictly neuronal expression of PRG-1, we

analyzed subsequent PRG-1 expression on Nex1-null

models. As Nex1-null mice are fully viable without obvi-

ous phenotypic alterations [29], Nex1 deficiency in vivo

leads, as expected, to no detectable difference in PRG-1

expression regarding amount and location. These findings

point to possible compensation between neuronal bHLH

proteins, presumably accounting for this effect.

Our studies have determined a Nex1-independent regu-

lation of PRG-1, which is mediated by a 450-bp promoter

fragment that confers enhanced specific transcription in

neurons. This regulation can be demonstrated under orga-

notypic conditions, which underlines that this sequence is

sufficient for the expression of PRG-1 in neurons. Further

studies have to unravel the transcriptional regulators

involved in this specific expression, which appears to be

independent of Nex1.
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Irintchev A, Schütz U, Popratiloff A, Savaskan NE, Bräuer AU,
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