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Abstract--Several genes encoding subunits of the neuronal nicotinic acetylcholine receptors have been 
cloned and regulatory elements involved in the transcription of the ~t2 and ~t7-subunit genes have been 
described. Yet, the detailed mechanisms governing the neuron-specific transcription and the spatio-tem- 
poral expression pattern of these genes remain largely uninvestigated. The fl2-subunit is the most widely 
expressed neuronal nicotinic receptor subunit in the nervous system. We have studied the structural and 
regulatory properties of the 5' sequence of this gene. A fragment of 1163 bp of upstream sequence is 
sufficient to drive the cell-specific transcription of a reporter gene in both transient transfection assays and 
in transgenic mice. Deletion analysis and site-directed mutagenesis of this promoter reveal two negative 
elements and one positive element. The positively-acting sequence includes one functional E-box. One of 
the repressor elements is located in the transcribed region and is the NRSE/RE1 sequence already 
described in promoters of neuronal genes. 

In this paper, we describe the neuron-specific promoter of the gene encoding the neuronal nicotinic 
acetylcholine receptor fl2-subunit. 
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In situ hybr id iza t ion  27'5v'62 and  immunoh i s tochem-  
istry 1°'27'54 demons t ra t e  tha t  all subuni ts  of  the neur- 
onal  nicot inic  receptors (nAchRs)  c loned to date 
display a strict neuron-specif ic  dis t r ibut ion.  Yet, the 
t ranscr ip t ion  of  some subuni ts  appears  restricted to a 
small set of  neurons.  Fo r  example, the : t2-subuni t  
t ranscr ipts  are only detected in the spiriformis later- 
alis nucleus in the chick d iencephalon  12'43 or the 
in terpeduncular i s  nucleus in the rat. 5s Also t h e / / 3 , / / 4  
and  ~3-subuni t  t ranscr ipts  are only detected in a 
small  set of  s t ructures  in ver tebra te  brain.  8'14'~6'2°'62 On 
the o ther  hand ,  the d is t r ibut ion  of  the ~4, ~5, :t7, and  
/ /2 -subuni t  gene t ranscr ipts  is much  wider. T M  For  
example,  t h e / / 2 - s u b u n i t  t ranscr ipts  are found in the 
major i ty  of  neurons  in the CNS,  and  all the periph- 

*To whom correspondence should be addressed. 
Abbreviations: ~-gal, fl-galactosidase; DMEM, Dulbecco's 

modified Eagle's medium; E, embryonic day; EDTA, 
ethylene diamine tetra acetate; FCS, fetal calf serum; 
HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesul- 
phonic acid; nAchR, nicotinic acetylcholine receptor; 
NRSE, neural restrictive silencer element; P, postnatal 
day; PCR, polymerase chain reaction; PNS, peripheral 
nervous system; RACE, rapid amplification of cDNA 
ends; RE1, restrictive element; SLIC, single-strand lig- 
ation of cDNA. 

eral neurons  tha t  express the nAchR.  22'27'5° As a 

consequence,  a wide diversity of  n A c h R  species oc- 
curs with defined pa t te rns  of  expression involving 
diverse categories of  neurons.  For  example, the neur-  
ons f rom medial  habenu la  and  those f rom the in- 
terpeduncular is  nucleus are in terconnected but  
express dist inct  sets of  n A c h R  subuni ts  (see Ref. 50 
for review) with different physiological  and  pha rma-  
cological profiles. 44 It is therefore worthwhi le  to 
investigate the genetic mechanisms  involved in the 
acquisi t ion of  these specific pa t te rns  of  expression. 

Only limited in format ion  is available, to date, 
abou t  the genetic mechanisms which account  for 
regulat ion of  n A c h R  gene t ranscr ip t ion  in neurons.  
The p romote r  of  the chick ~7-subuni t  gene was 
analysed in vitro, but  the D N A  elements responsible 
for t ranscr ip t iona l  regulat ion were not  character-  
ized. 3s In ano the r  study, the p romote r  of  the a2-  
subuni t  gene was part ial ly character ized and  a 
silencer described and  sequenced. 7 

The f l2-subuni t  is expressed in the major i ty  of  the 
neurons  in the brain.  27,54 Moreover ,  the t iming of  
appearance  of  the fl 2- transcripts  closely parallels tha t  
of  neurona l  differentiation. 62 We thus decided to 
s tudy the genetic mechanisms  which regulate its 
t ranscr ipt ion.  
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EXPERIMENTAL PROCEDURES 

Screening o f  the genomic fibrary 

The PCX49 plasmid ~5 containing the entire rat cDNA 
(kindly provided by Drs J. Boulter and S. Heinemann,  The 
Salk Institute, San Diego, Ca) was cut with EcoRI, the 
~2 .2  kb fragment was isolated and used as a probe to screen 
an EMBL3 bacteriophage library of  mouse DBA2 genomic 
DNA.  One unique clone was obtained spanning ~ 15 kb of 
D N A  upst ream and ~ 5 kb downstream from the first exon. 
Figure 1 shows the nucleotide sequence of  1.2 kb upstream 
from the initiator ATG.  

The nucleotide sequence data reported in this paper will 
appear in the EMBL, GenBank and DDBJ Nucleotide 
Sequence Databases under the accession number:  X82655. 

Mapping o f  the transcription initiation site 

For the m R N A  mapping,  we used different batches of  
total R N A  extracted from DBA2 embryos at stage em- 
broynic day (E)13 or El5. The R N A  samples were first 
digested with DNase I to avoid D N A  contamination.  

RNase protection. An XbaI/PstI  fragment containing part 
of  intron 1 was inserted into Bluescript SK (Stratagene). The 
plasmid was then linearized by BgllI, and an R N A  probe 
was synthesized using the T7 promoter. The protection 
experiments were then performed as described in Ref. 3. 

R A C E - P C R .  24 The m R N A  was hybridized 5 min at 80°C 
with 10pmol  of primer. The synthesis of  the eDNA 
was performed using 400 U M M L V  (Gibco) for 45 min 
at 37'~C in the buffer recommended by the supplier. After 
a phenol/chloroform extraction, the e D N A  was ethanol 
precipitated. The terminal transferase reaction was 
performed in 0.2 M potassium cacodylate; 25 m M  Tris-  
HCI pH 6.6; 25 mg/ml BSA; 1.5 m M  COC12; 50 nM dATP 
and 50 u terminal transferase (Boehringer) for 30min  at 
37°C. After phenol/chloroform extraction and ethanol 
precipitation, one-tenth of the terminal transferase reaction 
was amplified using Promega 's  Taq D N A  polymerase 
(30 cycles, 1 min at: 94°C; 55°C; 72~'C). The amplified 
fragment was then loaded on an agarose gel. The gel 
was blotted and hybridized to oligonucleotide p2. We 
used pEx2 as a primer for e D N A  synthesis, and p0/BEpT 
for polymerase chain reaction (PCR) to map m R N A  
from brain. OLUCI3 (synthesis of  eDNA) and 
OLUCI2 /BEpT (PCR) were used to map  m R N A  from 
transfected cells. 

SLiL. The eDNA was first synthesized from 5/~g total 
R N A  using pEx3 (6 pmol) as a primer in 50 m M  Tris HCI 
pH8,3;  8 m M  KCI; 1 .6mM MgC12; 5 m M  spermidine; 
0 . 5 m M  dNTP; l u /#l  RNasin;  0 .1mg/ml  BSA; 7 0 m M  
/~-mercaptoethanol; 80 u AMV (Promega) at 42'~C for 
45 min. The R N A  was subsequently degraded in NaOH.  
The first s trand of  the eDNA was then ligated with the 
oligonucleotide A5'. The resulting single stranded cDNA 
was then submitted to two rounds of  PCR amplification 
with oligonucleotides A5 ' - l /p0  and A5'-2/pl  (35 cycles: 
94°C 1 min; 60°C 30 s; 72°C 45 s). 

The sequence of the oligonucleotides were the following: 

A5': 5 ' - C T G C A T C T A T C T A A T G C T C C T C T C G C T A C C  
T G C T C A C T C T G C G T G A C A T C  

A 5 ' - I : 5 ' - G A T G T C A C G C A G A G T G A G C A G G T A G  
A 5 ' - 2 : 5 ' - A G A G T G A G C A G G T A G C G A G A G G A G  
p O : 5 " - C C A A A G C T G A A C A G C A G C G C C A T A G  
p I : 5 ' - A G C A G C G C C A T A G A G T T G G A G C A C C  
p 2 : 5 " - A G G C G G C T G C G C G G C T T C A G C A C C A C G G A C  
pEx2: 5 ' - G C C G C T C C T C T G T G T C A G T A C C C A A A A C  

CC 
p E x 3 : 5 ' - A C A T T G G T G G T C A T G A T C T G  
B E p T : 5 ' - G C G G G A T C C G A A T T C ( T ) 2 ~ A / C / G  
O L U C I 3 : 5 ' - C G A A G T A T T C C G C G T A C G T G A T G  
O L U C I 2 : 5 ' - A C C A G G G C G T A T C T C T T C A T A G C  

Plasm ids 

KS-Luci. The Hind l l l /KpnI  restriction fragment of  the 
pSVOAL plasmid ~3 was subcloned in the corresponding site 
of  Bluescript KS. The most  5' EcoRl /Bsml  (45 bp) fragment 
of  the Luciferase gene was then deleted according to Ref. 13 
and replaced by a Sail site. The 342 bp PvulI /Hindl l I  
restriction fragment of  SV40 containing the polyadenylation 
sites was subsequently subcloned into the EagI sites using 
adaptors,  

EE1.2-Luci. The 1.2 kbp EcoRl/Eco47II fragment of  the 
2/~2 phage was inserted in the EagI/SalI sites of  KS-Luci 
using an adaptor.  The 5' end deletions of the promoter  were 
obtained using Bal3.1 exonuclease. 

The mutat ions  were introduced using the Sculptor kit 
(Amersham).  In the neural restrictive silencer element/ 
restrictive element (NRSE/REI)  sequence,.the mutated se- 
quence was: +24  A C C A C T T A C A  instead of AC- 
C A C G G A C A ,  as this mutat ion was shown to reduce the 
ac t ivf ly~f  the NRSE element. 4~ In the E-box sequence, the 
mutated sequence was: - 1 2 0  T C C T C A G G  instead of 
T C C A C T T G .  Figure 6 shows that a nuclear protein is able 
to bqn-d to t~ffe wild-type sequence, but  not  any more to the 
mutated sequence. 

Cell lines and transfection 

Neuroblastomas N1E115, SK-N-Be, HeLa and 3T6 fibro- 
blasts, 293 H u m a n  kidney cells and SVLT striatal cells 2~ 
were grown in Dulbecco's modified Eagle's medium 
(DMEM) + 10% fetal calf serum (FCS) supplemented with 
1% glutamine and 1% streptomycin. PCI2 cells were grown 
in D M E M  + 10% horse serum + 5% FCS supplemented 
with 1% glutamine and 1% streptomycin. 

Cells were plated at 105 to 4 × 105 cells/60 m m  2 plates. The 
next day cells were transfected in 750/11 of  D M E M  + 2% 
Penicillin/Streptomycin for five to 12h with 1/~g DNA 
mixed with 2 .5pl  of  Transfectam (IBF/Sepracor) in 
150mM NaCI. The Luciferase activity was measured 48 h 
later. D N A  was prepared using Qiagen or Wizard prep 
(Promega) kits. When plasmid activities were compared,  all 
plasmids were prepared the same day. At least two different 
D N A  preparations were tested for each plasmid. All trans- 
fections were done in duplicate and repeated at least three 
times. 

Transgenic mice 

The Luciferase gene from EEl.2-Luci  was excised and 
replaced by the nlsLacZ gene. 3° The /~2-promoter/nlsLacZ 
fragment was electroeluted from a TAE agarose gel then 
further purified by ethanol precipitation, and finally resus- 
pended in Tris HC1 10mM pH7.5;  EDTA 0.1 mM. The 
D N A  solution (3 ng/ml) was injected into fertilized oocytes 
of  C57BL6xSJL hybrids. Staining of tissues was performed 
as previously described. 4° 

In situ hybridization 

In situ hybridization was performed as described in 
Ref. 61. Temperature of  hybridization was 37°C. The 
oligonucleotide used was: 

5 " - T G A C A A A G C A G G T A C A T G G G T C A G C C G C A G G  
A C C T T C A C G G A A G A  

Gel shift assay 

Oligonucleotides were labelled either with 7 [32P] ATP and 
T4 polynucleotide kinase, or with ~[32p]CTP and Klenow 
enzyme. Nuclear extracts were prepared from ~ 107 cells as 
previously described. 7 For binding, 1 nmol  of  labelled 
oligonucleotide was mixed with 0.5 #g  of protein extract in 
10 m M  HEPES, pH 8; 10% glycerol; 0.1 m M  EDTA; 0.1 M 
NaC1; 2 m M  diothiothreiotol; 0.1 mg/ml bovine serum albu- 
min; 4 m M  MgC12; 4 m M  spermidine; 1 m M  phenyl methyl 
sulphonyl fluoride; 1 #g  polydldC in 20 pl. The reaction was 
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incubated for 10 min on ice. The DNA-protein complexes 
were then analysed on a 7% polyacrylamide. 

The oligonucleotides used in this experiment were double- 
stranded with the following sequences (the underlined 
nucleotides are changed between the mutated and the 
wild-type oligonucleotides, bold nucleotides highlight the 
putative binding sites): 

E D: 5"-TCCTCCCCTAGTAGTTCCATTGTGTTCCCT 
AG 

Mut E: 5'-CCTCCCCTAGTAGTTCCTCAGGTGTTCC 
CTAGA 

S E: 5"-CTAGCTCCGGGGCGGAGACTCCTCCCCTAG 
TAGTTCCACTTGTGTTCCCTAG 

RESULTS 

Characterization of  the 5' flanking sequences of  the 
gene encoding the//2-subunit 

A 2 phage containing the gene encoding the //2- 
subunit was cloned and a region surrounding the 
initiator ATG was sequenced (Fig. 1). The transcrip- 
tion initiation site was first mapped by RNase protec- 
tion (Fig. 2A). This method allowed us to detect at 
least three initiation sites. However, minor additional 
start sites might not have been detected in these 
experiments. The size of the main protected band was 
estimated at about 150 nucleotides. To confirm and 
locate the initiation sites more precisely, we per- 
formed both rapid amplification of cDNA ends 
(RACE)-PCR 24 and single strand ligation of cDNA 
(SLIC) 18 which consist in the amplification of the 
primer extension product (Fig. 2B). Both techniques 
allowed us to subclone and sequence the same frag- 
ments corresponding to the four initiation sites de- 
scribed in Fig. 1. It is probable that the -13 start site 
is very rare and was not detected by RNase mapping. 

Analysis of the sequence of the flanking region 
(Fig. 1) revealed several consensus DNA binding 
elements: an Spl site ( -146) ,  a cAMP responsive 
element binding 26'51 site ( -287) ,  a nuclear receptor 
response element 46 ( - 3 4 4  to -356),  a GATA-3 site a2 
(--1073), a weakly degenerate Octamer motif 
( -522) .  Moreover, an E-box ( -118)  contained in a 
dyad symmetrical element could be recognized. The 
proximal region ( - 2 4 5  to + 82) also has an unusu- 
ally high GC content (67%) and a high number of 
dinucleotide CpG that may have some regulatory 
significance. 2 Finally, a 20 bp sequence identical to 
the NRSE 4j or RE134 sequence was found in the 3' 
end of the 1.2 kbp fragment (+  18 to +38). 

A 1.2 kbpfragment offlanking sequence of  the ~~2-sub- 
unit gene promotes a neuron-specific expression 
in vitro 

A construct was generated containing the 1163 bp 
EcoRI/Eco47III fragment (from -1125 to +38) of 
the//2-subunit 5' flanking region fused to the Luci- 
ferase gene 13 (plasmid EE1.2-Luci). The polyadenyla- 
.tion sites of SV40 were inserted upstream from the 
//2-subunit sequences to avoid readthrough. The 
transcriptional activity of the plasmid EE1.2-Luci 
was then tested by transient transfection into 

pheochromocytoma (PC12) cells, neuroblastomas 
cell lines NIE 115 and SK-N-Be, SVLT a striatial cell 
line, 21 NIH3T6 or HeLa fibroblasts and human kid- 
ney cell line 293. 

Using reverse transcription (RT)-PCR, we verified 
that the neuroblastomas and the PC12 cells normally 
express the //2 subunit mRNA but not the striatal 
SVLT cell lines or the 3T6 fibroblasts (data not 
shown). Table 1 shows that in PC12 cells and neurob- 
lastomas, the 1.2kbp fragment is 20- to 180-fold 
more active in mediating transcription of the reporter 
gene than in the other cell lines. In fibroblasts, 293 
cells and SVLT cells, the transcriptional activity of 
the 1.2 kbp fragment is not significantly higher than 
that of the promoterless vector (Table 1). Therefore, 
the //2-subunit promoter is not active in these cell 
lines. These in vitro transfection experiments demon- 
strate that the l163bp fragment mimics the ex- 
pression pattern of the endogenous//2-subunit gene, 
and thus contains a cell-specific promoter. 

The 1163 bp promoter in transgenic mice 

To test in vivo the l163bp promoter, the 
EcoRI/Eco47III fragment was linked upstream from 
the nls-//-galactosidase reporter gene. 3° The 
polyadenylation signals from SV40 were ligated 
downstream of the coding sequences. The resulting 
4.7 kb fragment was subsequently microinjected into 
the male pronuclei of fertilized eggs from F1 hybrid 
mice (C57B16 x SJL). DNA extracted from the tails 
of the offspring was analysed for the presence of the 
//-galactosidase gene by PCR. Three independent 
founders were obtained and analysed for expression. 

Two lines (13 and 26) had expression in neurons 
and the third line did not express at all. This shows 
that the 1163 pb promoter contains sufficient regulat- 
ory elements to drive neuron-specific expression 
in vivo. In the peripheral nervous system (PNS), both 
lines expressed in the same structure. In contrast, in 
CNS the labelling pattern of line 26 is a subset of that 
of line 13; we will only describe line 13 in detail. As 
expected, most peripheral //2-expressing ganglia ex- 
pressed//-galactosidase (//-gal), whereas in the CNS 
only a subset of //2-positive regions expressed the 
//-gal. For instance, Fig. 3C shows that the vast 
majority of the neurons of the lumbosacral spinal 
cord express the//2-subunit transcripts, whereas only 
a subset of neurons in the ventral and dorsal horns 
display //-gal activity. 

The expression of the transgene could be detected 
in the peripheral ganglia in E10.5-E11 embryos. The 
labelling was examined in El3 total embryos 
(Fig. 3A) and in brains at later ages (El7, postnatal 
day (P)0 and adulthood). At El3, labelling was 
prominent in PNS: strong labelling was observed in 
the dorsal root ganglia (DR, Figs 3 and 5C, D), some 
ganglia associated with the cranial nerves (the trigem- 
inal, see Fig. 4A), geniculate, glossopharyngeal and 
vagal ganglia), the ganglia of the sympathetic chain 
(Fig. 4C, D), the ganglionic cells of the retina 
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-i125 GGAATTCCTG AAAACACTCA AGTTTAAGTA AAAGGTAGGT AGGGGCACTG GGGTGATAAA 

EcoRI GATA-3 

- 1 0 6 5  AGAGCTGGAG GGAACTACAT GTTTAAAAGA CCGAGGGCTA GGAGGGGTTA AATAGTCAAG 

1006EI~ 
- 1 0 0 5  GATCTTAAAG ACGTCGTCAA TAGCTAGAAT GTGGAGCTGA GACAGGCATT GACGAGATGA 

-945 

-885 

-825 

-765 

-705 

-645 

-585 

-525 

-465 

-405 

-345 

-285 

-225 

-165 

-105 

-45 

+16 

+76 

AGTCCGAAGC CTTTTGTCTG CTAAGTCTGC TTCAGACAGA AATCTTTTTG GTTGAAAGTG 

ACCACTGATC CACTAAGAAA AAAAAAGAGG TCCTTTTTGG GCTCAGTAGC TAAAACGGCA 

I~ 862E 
GGGCTTTCAA GATCAAACAT GTCATTGAGT TTTGACACCT CTCTCATCTT TGCTCTCTTT 

GTGTTAGCTT CATTCTTTCT GTGAAATGGT CCCCTGATCT CCCCAGAACA CAGCGTGGAA 

GGAACCATTG ATATTGGTTG CTTATGCAGA TCTCAGAACT TTCAAGGCCA CCTTCTTTTC 

AGGAGGTCTA GACCTATCTA GCTTAGATTC CCCAGGAGAA TGGCAAGATC TTGGCCTTGT 

CTGAGCTTAT GGAAGCAGAG AAGGGGGCAG GTGCAAAAGA CTCTCTTCCA GAACTCCGGA 

GAAATTTGCT TTTCAAAACT AGACAGCACC CTGCTGCCTA CTAAAGAAGT AGGTCCAAGG 

TCCTAATGTG CATATTCTCC GCTATACTCT TAGCTTTCCA GAAAACTAGA ATCATCAGTT 

TGGGTAAGAA CATAGAGGAA AACAGAAACG CCCCCCAACC TACCCCATGT CCAGAGAGCC 

TTGACCTACT TGTCTCCCTC CCACTCTCAA CCCTCCCAGT CTTGCTTCAA ACCTCTCCAC 

283E1~ 
GTCATGCCCC AACTTCGGAG CATTTGAACT CTGAGCAGTG GGGTCGCTTT CGCCTCAAGC 
CRE 

ACACCCCACC TCGGCAGGCC CAGTCAAAGG TCCCTCACAG GGACACCTTT TTTTCCCTGG 

GATCCCGCGC TTCGCCTCC~ GGGCGGAGAC TCCTCCCCTA GTAGTTCCAC 2TGTGTTCCC 
Spl  E-Box 

Sr 133E1~ Sh 
TAGAAGAGCA GCCGGGACGG CAAGAAGCCG GGACCTCCCC CTTCGTTCCA GGAACTGCCG 

V V V V 
CGCAGTGGGC ACTTCAGCCC TGGAGGCCGC GAGCCCCACC CGGGTGAAGG CGGCTGCGCG 

+1 

GCTTCAGCAC CAQGGACAGC ~CTCCCGTCC GCAGCCCTTG TGTCAGCGAG CGTCCGCGCT 
NRSE/REI Eco47III 

CGCGCTATGC AGGCGCATGG CCCGGTGCTC CAACTCTATG GCGCTGCTGT TCAGCTTTGG 

+136 CCTCCTTTGG CTGTGTTCAG gtaagaatt 

Fig. 1. Nucleotide sequence of the region surrounding the initiator ATG of the fl2-subunit gene. The 
four vertical arrowheads show the four extremities found using RACE-PCR and SLIC, corresponding 
to the transcription start sites. The vertical arrows indicate the position corresponding to the 5' end of 
the longest rat (r) and human (h) fl2-subunit cDNA clones} 5 The endpoints of the deletions used in the 
experiments described in Fig. 5 are indicated above the sequence. Nucleotides located in the intron are 

typed in lower case. 

(Fig. 4A) and  putat ive  pa rasympathe t i c  ganglia in the 
cardiac wall (Fig. 4B). At  El3 ,  clusters of  positive 
cells were also present  at  several levels of  the neuraxis,  
in bo th  the b ra ins tem and  the prosencephalon .  Clus- 
ters of  s tained neurons  were also observed in the 
ventra l  and  lateral spinal cord. 

Later  in deve lopment  (El7) ,  positive neurons  were 

ound  clustered in several basal telencephalic nuclei 
whereas dispersed cells were stained in the caudate-  
pu tamen.  At  the diencephalic level, positive clusters 
were present  in the zona incerta and  reticular thal- 
amic nucleus, and  in many  hypotha lamic  nuclei. In 
the brainstem,  mos t  mo to r  nuclei of  cranial  nerves 
(with the exception of  the dorsal  m o t o r  nucleus of  the 
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Fig. 3. Cell-specific expression of the /~2-subunit promoter in transgenic mice. (A) Whole mount 
colouration of El3 embryos. The arrowheads point to ectopic expression in skin muscles. (B) Detection 
of the fl-galactosidase activity in a parasagittal section of an El3 embryo at the lumbosacral level. 
Arrowheads indicate labelling in the ventral and dorsal horn of the spinal cord. (C) Detection of the 
fl2-subunit transcripts in an adjacent section of the same embryo, dr, dorsal root ganglion; t, tectum; og, 

orthosympathetic ganglionic chain; tr, trigeminal ganglion. 

vagus nerve) showed some to high labelling. In 
addition, the dispersed cells of  the V mesencephalic 
nucleus appeared strongly stained, as well as the 
pontine nuclei, the prepositus hypoglossal nucleus 
and a few dispersed cells in the pontine tegmentum, 

At P0 in line 13, the distribution of  positive cells 
already appeared more restricted than at previous 
ages (for example labelling in basal telencephalon and 
oculomotor  nuclei was clearly diminished). In the 
CNS of adult animals labelled cells were detected 
only in the hypothalamus. In line 13, some clusters of  
cells were stained in the mucosa of  the gastrointesti- 
nal tract (stomach and duodenum) and in the pan- 
creas. Ectopic labelling was detected in the genital 
tubercle and in several superficial muscles of  line 
13, but none of  these tissues were stained in the 
line 26. 

Ident i f icat ion o f  a min imal  cell specific p romo te r  

To investigate in more detail the regulatory el- 
ements involved in the promoter  activity, we gener- 
ated a series of  plasmids containing 5' deletions of  the 
1163 bp promoter.  These plasmids were tested by 
transient transfection into fibroblasts and SK-N-Be 
cells, These two cell lines were chosen as they were the 
most easily transfected cell lines. Moreover ,  the neu- 
roblastoma line was initially isolated from peripheral 
structures and is a convenient tool to study the 
regulatory elements carried by the 1163 bp promoter.  

When 157 bp were deleted from the 5' end of  the 
1163 bp promoter  (plasmid 1006E-Luci, described in 
Fig. 1), the Luciferase activity did not significantly 
change in neuroblastomas but increased in fibroblasts 
(Fig. 5). When 144bp were further deleted, the 

Table 1. Cell-specific expression of the fl2-subunit promotor in vitro 

Cell type PC12 SK-N-Be N1Ell5 SVLT 3T6 293 Hela 

Relative 
Luciferase activity 16.3 +_ 2.3 156.5 _+ 16.8 179.6 + 5.4 0.8 _ 0.2 1.0 _+ 0.2 0.9 _+ 0.1 1.1 _ 0.4 

The Luciferase activity of the plasmids were normalized to the activity of the promoterless plasmid (KS-Luci, described 
in Experimental Procedures). RACE-PCR on mRNA extracted from SK-N-Be transfected with EEl.2-Luci, using 
Luciferase oligonucleotides (described in Experimental Procedures) showed that the amplified fragment had the expected 
size for the correct transcription initiation site (not shown). 
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Fig. 4. Expression of fl-galactosidae in transgenic mice. (A) Staining of the retina (re) and the trigeminal 
ganglia (tr) (E14.5). (B) Staining of cardiac parasympathetic ganglionic neutrons (pg) (E14.5). 
(C) Transverse section of the spinal cord (PI). dr, dorsal root ganglion; og, orthosympathetic ganglion. 
(D) Ventral view of the spinal cord (P1). The smaller arrows indicate neurons that have not been identified. 

activity of the remaining promoter continued 
to increase in the fibroblasts but not in neuro- 
blastomas (see plasmid 862E-Luci). Thus, the 
157 and 144bp deleted carry repressor elements 
which are only active in fibroblasts. However, 
the truncated 862bp promoter still displayed a 
neuron-specific activity (Fig. 5, compare activity 
of 862E-Luci in both cell lines), showing that ad- 
ditional regulatory elements are carried by the 
1.2 kbp promoter. Moreover, a repressor could be 
present between - 8 2 4  and - 2 4 5  (compare the 
activities of 862E and 283E-Luci in the neuroblas- 
tomas). This putative regulatory element was 
not further analysed. Indeed, a 283 bp promoter 
(plasmid 283E-Luci) is still ~160 times more 
active in neuroblastomas than in fibroblasts, 
confirming the presence of another neuron-specific 

regulatory element in this proximal portion of the 
promoter. 

When 150 bp were deleted from the 5' end of the 
proximal 283 bp promoter, a very strong decrease of 
the transcriptional activity was detected in both 
fibroblasts and neuroblastomas (see activity of plas- 
mid 133E-Luci). This shows that crucial positive 
regulatory elements have been deleted. These positive 
and negative elements were further investigated by 
deletion and mutation studies of the proximal portion 
of the promoter. 

Negative and positive regulatory elements in the 
proximal region 

The 3' end of the fl2-subunit promoter contains 
putative protein factor binding sites. To analyse 
the role of these elements in the fl2-subunit gene 
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0.5kbp 0.1 kbp 
i i ] i i i i i i I i i I Neuroblastomas Fibroblasts 

Luciferase 
F 157+ 16 1.1 +0.2 

1006E-Luci 190 + 25 3.5 + 0.6 

862E-Luci I 186 + 32 7.9 + 1.1 

283E-Luci 1722 _+ 458 10.9 + 2.0 

133E-Luci - - ~  41 + 17 2.1 + 0.7 

Fig. 5. Expression of the Luciferase fusion genes containing 5' end deletions of the fl2-subunit promoter. 
Plasmids are called nnnE-Luci, where nnn is the size in nucleotide of the insertion, and E is the 5' end 
restriction site (Eco47III). The arrow indicates the transcription start site. The activities of EEI.2-Luci 

are from Table 1. 

regulat ion,  we generated plasmids conta in ing  
muta t ions  in these b inding sites. Using  deletion 
experiments ,  an  ac t ivator  was detected between 
- 9 5  and  - 2 4 5  (see Fig. 3, the difference between 
283E and  133E-Luci). As the E-box located at 
n t - 1 1 8  was a good candidate ,  we analysed the 
effect of  muta t ions  in this e lement  on t ranscr ip t ional  
activity. Table  2a shows a 40% reduct ion of  the 
t ranscr ip t ional  activity of  the muta ted  p romote r  
compared  to tha t  of  the wild-type promoter ,  The role 
of  the E-box in non-neurona l  tissues was more  
difficult to assess as the basal level of  t ranscr ip t ion 
was already low in fibroblasts.  

To fur ther  unders t and  the role of  the E-box in the 
regulat ion of  the promoter ,  we investigated the pro- 

tein complexes able to interact  with this sequence. Gel 
shift assays were performed using the 33 bp  sequence 
(nt  - 135 to - 103, ol igonucleotide E - D )  as a probe. 
W h e n  the 32p-labelled ol igonucleotide was mixed with 
nuclear  extracts f rom neurob las tomas  or fibroblasts,  
three complexes were observed (see arrows, Fig. 6). 
All of  them were fully displaced by an excess of  
the unlabelled ol igonucleotide E-D.  In contrast ,  no 
compet i t ion  was observed when the compet i tor  
ol igonucleotide was muta ted  within the E-box /Dyad  
(oligonucleotide Mut-E,  see Fig. 6 lane " M u t - E " ) .  
This shows tha t  the E-box /Dyad  is the only element  
conta ined  by the - 1 3 5 / - 1 0 3  sequence able to b ind 
nuclear  protein.  This sequence is likely to be involved 
in the activity of  the f l2-subunit  promoter .  

Table 2. Positive and negative regulatory elements in the proximal region of the 1163 bp promoter 

Fibroblasts (3T6) Neuroblastomas (SK-N-Be) 

(a) 
EE1.2-Luci wild type 1.1 157 (100%) 
EE1.2-Luci/NRSE/REI 115.5 _+ 13.8 502 _+ 204 (320%) 
EE1.2-Luci/E-Box ND 94 _+ 14 (60%) 

(b) 
Mouse /32 
Sodium Channel (nt 29) 
SCGI0 (nt 621) 
Synapsin I (nt 2070) 
CAML1 (nt 1535) 
Calbindin (nt 1093) 
Neurofilament (nt 383) 

T G C G C G G C . T T C A G C A C C A C G G A C A G C G C . T C C C G T C C  
A T T G G G T T . T T C A G A A C C A C G G A C A G C A C . C A G A G T C T  
A A A G C C A T . T T C A G C A C C A C G G A G A G T G C . C T C T G C T T  
C T G C C A G T C . T T C A G C A C C G C G G A C A G T G C . C T T C G C C C  
T A C A G G C C . T C C A G C A C C A C G G A C A G C A G . A C C G T G A A  
C C G A A C G G . A G C A G C A C C G C G G A C A G C G C . C C C G C C G C  
A T C G G G G T . T T C A G C A C C A C G G A C A G C C . C C G C G G G G  

T T C A G C A C C A C G G A C A G C G C  

(a) Effect of mutations in the proximal part of the 1163 bp promoter. The activities of the wild- 
type or mutated promoters are normalized to the luciferase activity of the promotorless KS- 
Luci plasmid. The activities of EE1.2-Luci are from Table 1. ND, not done. 

(b) Alignment of the proximal silencer of the fl 2-subunit promoter with other neuronal promoters. 
The sequences are taken from (Na channel, 39 accession number M31433), (SCG10, 42 M90489), 
(Synapsin 1, 52 M55301), (CAML1 gene, 33 X63509), (Calbindin gene, 25 L11891), (Neurofilament 
gene, 63 X17102, reverse orientation). The numbering refers to the sequences in the Gen- 
Bank/EMBL library. 
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C o m p e t i t o r  E - D  M u t - E  S - E  E - D  M u t - E  S - E  

. j ' q  ..Jq  

Fig. 6. Gel shift experiment. Autoradiogram of the mobility shift experiment. The probe used was a 
32p-labelled double-stranded E-D oligonucleotide. This oligonucleotide carries only the E-box/Dyad 
element whereas the oligonucleotide S-E carries the Spl binding site as well as the E-box/Dyad element. 
The competitor oligonucleotides were used in 10- and 100-fold molar excess, except for S-E that was used 

only in 100-fold molar excess. 

An N R S E / R E 1  sequence is also present in the 
proximal region and has been shown to act as a 
silencer in fibroblasts but not  in PC12 cells or neuro- 
blastomas. 34'36m Point mutat ion of  this sequence in 
the context of  the 1163 bp promoter  resulted in a 
l i5 - fo ld  increase of  the transcriptional activity in 
fibroblasts, and only a three-fold increase in neuro- 
blastomas (Table 2A). This sequence is thus respon- 
sible for at least part of  the cell-specific expression of  
the f12 subunit gene. 

D I S C U S S I O N  

Gene structure 

We have cloned a genomic fragment containing the 
sequence encoding the mouse nAchR fl2-subunit 
gene. Using RNase protection and amplification of  
primer extension products, we found one main and 
three minor  transcription start sites (Fig. 1). The 
primer extension experiments were performed using 
two different reverse transcriptases, different batches 
of  m R N A  and different primers. These PCR-based 
techniques allowed us to amplify and subclone the 
same fragments, corresponding to transcription start 
sites rather than reverse transcriptase stops. The 

NSC 69/3--E 

transcription start sites that we have characterized are 
located downstream from the position of  the longest 
rat 15 and human I f12 c D N A  5' end (see Fig. 1). This 
implies that in human and rat, another transcription 
start site is used. Such a discrepancy between species 
has already been demonstrated for the E-subunit of  
the muscle nAchR.  17'19'55 In contrast with the ~2-sub- 
unit gene, 7 no upstream exon could be detected. 

Structural analysis of  a 1.2 kbp flanking region 
disclosed many consensus motifs for nuclear protein 
binding including an Sp 1 site and an E-box. Approxi-  
mately 90 bp of  the undeleted 1.2 kb promoter  are 
transcribed and this region contains a N R S E / R E 1  
sequence. 34'41 Regulatory elements have already been 
described downstream of  the transcription start site 
in different systems such as the Polyomavirus 9 or the 
fos gene. 35 

A 1163 bppromoter achieves cell-specific transcription 

Transient transfection experiments showed that 
within the 1163 bp fragment is sufficient information 
to confer cell-specific expression of  the nAchR fl2- 
subunit gene. We showed that the same promoter  
directs a strict cell-specific transcription of  the fl-gal 
reporter gene. Moreover ,  the transgenic construct 
appears to be activated with the same timing as the 
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endogenous//2-subunit gene during the development 
of the early embryonic nervous system. 62 The 1163 bp 
promoter therefore carries regulatory sequences 
involved in the tissue and temporal specific transcrip- 
tion of the fl2-subunit gene. At later stages of devel- 
opment, most of the peripheral f12 expressing 
neurons are still labelled (Fig. 3C, D). In CNS, 
the pattern of fl-gal expression is different between 
the two lines and only a subset of the fl2-expressing 
neurons expresses the transgene. This type of dis- 
crepancy between the expression of the transgene and 
the endogenous gene has already been described for 
the dopamine fl-hydroxylase gene promoter 29'4° or for 
the GAP-43 gene. 56 Unexpected expression has been 
observed in transgenic line 13 in the genital tubercule 
and in skin muscles. This expression is likely to be due 
to the integration site of the transgene as these tissues 
are not stained in line 26. To our knowledge, most 
of the neuronal promoters studied by transgenesis 
display ectopic expression. 4'23'28'31'37'56 

By comparing fl-gal-positive cell distribution 
with those of other known neuronal markers, it 
becomes apparent that a similarity exists with the 
distribution of choline acetyltransferase, TrkA (the 
high affinity nerve growth factor receptor) and p75 
(the low affinity nerve growth factor receptor) 
expressing cells. 4749,6° In particular, in developing 
rats, p75 is expressed in almost all the peripheral 
ganglia and central nuclei (with the exception of the 
zona incerta and hypothalamic nuclei) which express 
the transgene. 6° It is also interesting to note that p75 
expression (like the expression of the fl2-promoter 
transgene) is transient in many peripheral ganglia 
and brain nuclei, decreasing to undetectable levels at 
perinatal or early postnatal ages. It is therefore 
tempting to speculate that the fl2-subunit promoter 
contains an element controlled by the activation of 
p75, or that both the f12 transgene and p75 gene are 
controlled by a common regulator. 

In conclusion, although the promoter seems to lack 
some regulatory elements active in the brain, the 
existing regulatory elements are sufficient to allow a 
cell- and development-specific expression of the fl-gal 
in the PNS, in the spinal cord, and in several brain 
structures. 

DNA regulatory elements 

To further characterize the DNA elements 
involved in the transcription of the fl2-subunit gene, 
we deleted or mutated the 1163 bp promoter and 
analysed the resulting constructs by transient trans- 
fection. A repressor element present in the distal 5' 
end region is active in fibroblasts but not in neuro- 
blastomas. This element thus accounts, at least in 
part, for the neuron-specific expression of the fl 2-sub- 
unit gene. Further analysis of the promoter shows 
that deleting 589 bp increases the activity in neuro- 
blastomas but not in fibroblasts (Fig. 5, compare 
862E and 283E-Luci). We have not yet characterized 
the mechanisms involved in this increase. 

An NRSE/RE1 element is located at the 3' 
extremity of the promoter. This element has already 
been shown to restrict the activity of promoters in 
neuronal cells. 34'36"41 In the 1163 bp promoter of the 
fl2-subunit gene, point mutation of this sequence 
leads to a ~ 100-fold increase of the transcriptional 
activity in fibroblasts implying that this sequence is 
involved in the neuron-specific expression of the 
fl2-subunit gene. Moreover, sequence comparison 
shows that this sequence is highly conserved in rat 
and human fl2-subunit cDNAs 1"15 (not shown) as 
well as in several promoters of genes expressed in 
the nervous system such as the middle-weight 
neurofilament gene, the CAM-L1 gene, the Calbindin 
gene or the cerebellar Ca-binding protein gene (see 
Table 2b). 

Deletion experiments described in Fig. 5 show that 
an essential activator element is present between 
nucleotides -245  and -95 .  An Spl binding site and 
an E-box could be detected in this region. Spl sites 
are ubiquitous factors whereas E-boxes have been 
involved in several genetic regulatory mechanisms in 
muscle (see Ref. 6 for the nAchR a 1-subunit) as in 
neurons. 26 Dyad elements have also been reported 
in some neuronal promoters such as those of the 
tyrosine hydroxylase gene, 61 the SCG10 gene, 42 
the GAP43 gene 45 or in the flanking region of the 
N-CAM gene. H Results shown in Table 2a demon- 
strate that in neuroblastomas, the 1163 bp promoter 
mutated in the E-box/Dyad is slightly but signifi- 
cantlyless active than the wild-type promoter. More- 
over, a gel shift assay (Fig. 6) further demonstrates 
that the E-box/Dyad is able to bind specific com- 
plexes. This suggests that the E-box/Dyad is respon- 
sible for at least part of the activation of fl2-subunit 
gene transcription. However, transactivation exper- 
iments of heterologous promoters suggest that the 
E-box may co-operate with the Spl site located 27 bp 
upstream to positively activate the transcription (data 
not shown). Such a co-operation of an E-box and an 
Spl binding site has already been demonstrated for 
the regulation of the muscle nAchR a l-subunit 
transcription. 5 

CONCLUSION 

We have shown that the fl 2-subunit gene is primar- 
ily regulated by negatively acting elements and by 
one positive element which comprises an E-box. 
This double regulation seems to be a general feature 
shared by several neuronal genes and allows fine 
tuning of the transcription of neuronal genes. More- 
over, our transgenic studies show that the 1163 bp 
promoter confers a tight neuron-specific expression, 
but lacks some developmental or CNS-specific regu- 
latory elements. Further joint in vivo and in vitro 
studies will help to characterize the DNA sequences 
involved in the fl2-subunit gene expression, and to 
study the role of each DNA element in the temporal 
and cell-specific transcription. 
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