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ABSTRACT The neuron-restrictive silencer element
(NRSE) has been identified in several neuronal genes and
confers neuron specificity by silencing transcription in non-
neuronal cells. NRSE is present in the promoter of the
neuronal nicotinic acetylcholine receptor b2-subunit gene
that determines its neuron-specific expression in the nervous
system. Using transgenic mice, we show that NRSE may either
silence or enhance transcription depending on the cellular
context within the nervous system. In vitro in neuronal cells,
NRSE activates transcription of synthetic promoters when
located downstream in the 5* untranslated region, or at less
than 50 bp upstream from the TATA box, but switches to a
silencer when located further upstream. In contrast, in non-
neuronal cells NRSE always functions as a silencer. Antisense
RNA inhibition shows that the NRSE-binding protein REST
contributes to the activation of transcription in neuronal cells.

The mechanisms that account for transcriptional regulation in
neurons are still poorly understood. Yet, increasing numbers
of transcription factors (1–3) and DNA elements (4, 5) in-
volved in neuron-specific transcription are now characterized.
One of them, the neuron-restrictive silencer element (NRSE;
ref. 6), also called RE (7), behaves as a regulatory sequence of
several neuronal genes (8) by silencing transcription in non-
neuronal cells (6, 7, 9–14). The silencing activity of NRSE was
primarily studied by transient transfection assays in the pro-
moter of the genes encoding type II sodium channel (NaII; 7)
and SCG10 protein (6). It was also recognized in the genes
encoding synapsin I (9), nicotinic acetylcholine receptor
(nAChR) b2-subunit (5), Ng-CAM (11), m4 muscarinic re-
ceptor (12, 13), and choline acetyltransferase (ChAT; 14). On
the basis of sequence homologies, Schoenherr et al. (8) recently
identified about 20 genes carrying a NRSE-like sequence.
Among these genes, 17 are expressed in the nervous system
and in 10 of them, including the nAChR b2-subunit gene (5),
NRSE is located in the 59 untranslated region (UTR) (ref. 15;
see also refs. 16 and 17). Although important functional
elements have already been found in the 59 UTR or in
intragenic positions (4, 18–20), NRSE is, to our knowledge, the
first element sharing a conserved intragenic position in several
genes. The functional significance of such an unusual position
remained to be explained.
A transcription factor of the Gli-Krüppel zinc-finger family

that binds to NRSE has recently been characterized in HeLa
cells, and named neuron-restrictive silencer factor (NRSF; ref.
15) or RE1 silencing transcription factor (REST; ref. 21, see
also ref. 22). In vitro studies revealed that REST exhibits a

transcriptional repressing activity on promoters that carry the
NRSE sequence (15, 21, 23).
In this work, we have analyzed the function of NRSE in the

promoter of the mouse gene encoding the nAChR b2-subunit
as well as the importance of its location within the promoter.
In transgenic mice, we show that upon mutation of NRSE, the
pattern of expression of the b2-subunit gene promoter dra-
matically changes but remains restricted to the nervous system.
We confirm that NRSE in vitro can behave either as an
enhancer or as a silencer depending both on the primary
structure of the promoter and the type of cell line. We further
show by antisense experiments that in neurons, REST con-
tributes to the activation of transcription via NRSE. A model
for the regulation of transcription by RESTyNRSE in neurons
is proposed.

MATERIALS AND METHODS

Plasmids. NRSE-SVP, an oligonucleotide containing three
NRSE sequences of the b2-subunit gene, was inserted into the
NotIyPstI sites of SVP-Luci (described in ref. 4). For NRSE-
TATA and TATA-Luci, NRSE-SVP and SVP-Luci were re-
stricted by SalIyNcoI filled with the klenow enzyme. The
largest restriction fragment was self-ligated. TATAIIB, the
small PstIyXbaI fragment of 40IIB-MyHC-CAT (ref. 24;
kindly provided by Thierry Diagana, Institut Pasteur, Paris)
was inserted into SVP-Luci. The NRSE oligonucleotide was
then inserted into the NotIyPstI sites to obtain NRSE-
TATAIIB. The plasmids mutated in NRSE were constructed
using a mutated oligonucleotide (NRSE-Mut). NRSE-spacer-
TATA, the 198-bp PstIyBspHI fragment from the rat GluR1
cDNA (ref. 25; accession number X17184) was inserted into
the PstIyNcoI site of NRSE-SVP. The different lengths of
spacers were obtained by PCR. uTATA-Luci, the BglIySalI
fragment of TATA-Luci, was excised and the plasmid was
self-ligated after action of the T4 DNA polymerase. TATA-
272-NRSE, the BglIIyHindIII fragment of NRSE-SVP, was
inserted into the StuIyHindIII sites of uTATA-Luci. uTATA-
272-Luci, the NRSE sequence, was excised from TATA-272-
NRSE by SacIIyPstI. This plasmid was used to normalize the
transcriptional activity of TATA-272-NRSE. TATA-34-
NRSE, the SfiIySacII fragment of TATA-272-NRSE plasmid,
was excised. The transcriptional activity of this plasmid was
normalized to that of uTATA-Luci. The plasmids were se-
quenced to rule out mistakes of the Taq DNA polymerase.
CMV-TSER, the 4100-bp EcoRI fragment of the REST-
EXPRESS plasmid (ref. 21; kindly provided by Gail Mandel,
University of New York, Stony Brook), was inserted into the
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appropriate sites of pBluescript (Stratagene) and then in the
HindIIIyXbaI site of pcDNA IAmp (Invitrogen).
Transgenic Mice and Immunohistochemistry. The lucif-

erase gene from luciferase plasmids was excised and replaced
by the nlsLacZ gene. The b2-promoterynlsLacZ fragment was
injected into fertilized oocytes of FVB or B6SJLmice. Staining
of tissues was performed as described (5). The integration of
the transgene was tested by PCR using DNA extracted from
the tail or the yolk sac. Immunohistochemistry was performed
on transgenic mice T9 (carrying the mutated promoter), which
is described in Table 1. Mice were perfused with 4% parafor-
maldehyde, the brain was extracted and cut (50-mm sections)
using a vibratome (Leitz). The slices were incubated overnight
at 48C in an anti-GFAP serum (Dako), followed by a bioty-
nilated anti-rabbit antibody solution, and finally revealed by a
peroxydase–streptavidin complex.
Gel-Shift Experiments. Nuclear extracts were prepared

from'107 cells as described (5). For binding, 1 nmol of labeled
oligonucleotide was mixed with 0.5 mg of protein extract in 10
mMHepes, pH 8y10% glyceroly0.1 mMEDTAy0.1 MNaCly2
mM DTTy0.1 mg/ml BSAy4 mM MgCl2y4 mM spermidiney1
mM phenylmethylsulfonyl f luoridey1 mg polydIdC in 20 ml.
The reaction was incubated for 10 min on ice. The DNA–
protein complexes were then analyzed on a 5% polyacrylamide
gel.
Reverse Transcription–PCR (RT-PCR). The mRNA (4 mg)

was hybridized for 5 min at 808C with 50 pmol of poly dT. The
synthesis of the cDNA was performed using 400 units of
MMLV reverse transcriptase (Gibco) for 45 min at 378C in the
buffer recommended by the supplier. One-tenth of the reverse
transcription was amplified using Promega’s Taq DNA poly-
merase (30 cycles, 948C; 1 min, 558C; 45 sec, 728C; 1 min) in

the buffer recommended by the supplier in 2.5 mM MgCl2
using the primers 59-GAATCTGAAGA(AyG)CAGTTTGT-
GCAT and 59-TTTGAAGTTGCTTCTATCTGCTGT.When
detecting mRNA from neuroblastomas, we performed a sec-
ond PCR amplification using one-tenth of the first amplifica-
tion using the following primers: 59-GAAGA(AyG)CAGTT-
TGTGCATCACATC and 59-GTTGCTTCTATCTGCT-
GTTTTGTA.
Cells and Transfection. Neuroblastomas SK-N-Be and 3T6

fibroblasts were grown in DMEM 1 10% fetal calf serum
(FCS) supplemented with 1% glutamine and 1% streptomycin.
PC12 cells were grown in the same medium 1 10% FCS. For
transfection, cells were plated at 1 to 2.105 cells per ml in
35-mm dishes and transfected with 1 mg of DNA using calcium
phosphate the next day. The luciferase activity was measured
48 hr later. When plasmid activities were compared, all
plasmids were prepared the same day. At least two different
DNA preparations were tested for each plasmid. All transfec-
tions were done in triplicate and repeated at least four times.
Oligonucleotides. The following oligonucleotides were used:

NRSE, 59-GGCCC(TTCAGCACCACGGACAGCGCT-
C)3TGCA; NRSEMut, 59-GGCCC(TTCAGCACCACTTAC-
AGCGCTC)3TGCA; and SP1, 59-TCGACTAATCTCCGCC-
CAGTTC.

RESULTS

In Vivo Demonstration of the SilenceryEnhancer Function
of NRSE from the nAChR b2-Subunit Gene Promoter. To
understand the role of NRSE in neuronal gene expression in
vivo, transgenic mice were constructed with the 1.2-kbp tran-
scription control sequences of the b2-subunit gene containing

FIG. 1. Point mutation of NRSE in the promoter of the nAChR b2-subunit gene changes the pattern of b-gal expression in transgenic mice.
(a–d) Whole-mount coloration of E13.5 transgenic embryos carrying the wild-type promoter (a and c) and with point mutation in NRSE (b and
d). (e and f ) Detection of the b-gal activity and the glial fibrillary acidic protein immunoreactivity in the adult mutated transgenic brain. (e) Dorsal
part of the hippocampus. ( f ) Dorso-medial part of the cortex, showing the absence of b-gal expression in the molecular layer (arrow). og,
orthosympathetic ganglia; drg, dorsal root ganglia; Co, colliculus; Th, thalamus; Cx, cortex; Hip, hippocampus; cc, corpus callosum.
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either wild-type or point-mutated NRSE. This mutation was
shown to abolish protein binding to NRSE (6). As described
previously (5), and as shown in Fig. 1, at embryonic day 13.5
(E13.5) the wild-type promoter determined a widespread
expression of the b-galactosidase (b-gal) transgene in the
peripheral nervous system and in different structures of the
central nervous system (CNS) such as the thalamus, the
colliculus, or the metencephalon (Fig. 1 a and c; Table 1). In
the adult CNS, staining was restricted to a subset of neurons
in the hypothalamus (5). After NRSE mutation, the pattern of
b-gal staining changed dramatically. In nine independent
transgenic embryos studied at E13.5, expression of b-gal was
switched off in all previously labeled structures except in the
colliculus (see Fig. 1 b and d; Table 1), whereas it was switched
on in the cortex. In the adult brain, the mutated promoter
drove expression in the vast majority of the CNS neurons (Fig.
1 e and f ). At the cell level, b-gal activity was essentially
detected in neurons (Fig. 2 a and b) and exceptionally in few
oligodendrocytes of the white matter (Fig. 2c). The b-gal
expression could not be consistently detected in other non-
neuronal cells or in other organs (Table 1).
Analysis of the SilenceryEnhancer Function of NRSE

Within Synthetic Promoters. It has been previously reported
that NRSE acts as a neural-restrictive element by silencing
transcription in nonneuronal cells, but does not exhibit intrin-
sic regulatory activity in neurons (6–11, 13, 14). We investi-
gated this apparent discrepancy with our in vivo studies by
transfection analysis. NRSE was first fused upstream from the
ubiquitous 300-bp simian virus 40 (SV40) early promoter or
from a minimal promoter carrying only a TATA box upstream
from the luciferase gene (Fig. 3A) and transfected into neu-
ronal (neuroblastomas and PC12 cells) and nonneuronal cell
lines (fibroblasts). As expected, NRSE decreased transcription
of SV40 promoter in fibroblasts cells (Fig. 3B). Unexpectedly,
we found that NRSE also behaved as a silencer in neuroblas-
toma cells (Fig. 3B). When linked upstream of a minimal
promoter, NRSE still silenced transcription in nonneuronal
cells, but surprisingly switched to an enhancer in neuronal
SK-N-Be as well as in PC12 cell lines (Fig. 3B). A similar
activation by NRSE was observed with an unrelated minimal
promoter (Fig. 3B).
The Primary Structure of the Promoter Controls the Si-

lenceryEnhancer Switch in Neuroblastomas. In the reports
that suggested the absence of regulatory activity of NRSE in
neuronal cells (6–14, 26), NRSE was located between 1,500
and 200 nucleotides upstream from the transcription start site.
In the synthetic NRSE-TATA promoters, it is only 50 bp
upstream from the TATA box. We thus tested a putative
distance dependence of NRSE activity by inserting spacers of

variable length between NRSE and the TATA box. Fig. 4B
shows that in neuroblastoma cells, NRSE enhanced transcrip-
tion when located at less than 50 bp from the TATA box, but
switched to a weak silencer when located further upstream
(compare the activities of plasmids with 50 and 100 bp spacers
in Fig. 4B). In fibroblast cells, NRSE did not repress tran-
scription when abutted to the TATA box but consistently
decreased transcription when located further than 20 nucleo-
tides from the TATA box. Interestingly, the intervening se-
quences between NRSE and TATA are different in NRSE-
TATA and in NRSE-50-TATA, but the enhancerysilencer
activity is the same. This proves that the regulatory activity is
not due to spacer sequences.
In the b2-subunit gene (5) as well as in half of the neuronal

genes in which NRSE was detected, this element is located in
the 59 UTR (8). We thus tested the cis regulatory activity of
NRSE located in the 59 UTR using synthetic promoters. Fig.
4C shows that in fibroblast cells, when located in the 59 UTR,
NRSE was still a repressor at 272 bp but did not show
regulatory activity when abutted to the TATA box. Interest-
ingly, Fig. 4C shows that in neuroblastoma cells, NRSE located
in the 59 UTR always behaves as an enhancer, even at more
than 50 bp downstream from the TATA box.
REST mRNA and NRSE Binding Activity Are Present in

Both Neurons and Fibroblasts.We next attempted to identify
the protein complexes able to interact with NRSE. Previous
works had shown that in fibroblast cells, the only protein that
binds to this sequence was REST (15, 21), whereas no NRSE
binding activity was observed in neuronal cell lines (6, 7, 13).
Yet, in our hands, gel-shift experiments with a probe contain-
ing NRSE revealed a single specific complex that migrated at
the same position with extracts prepared from both fibroblast
or neuroblastoma cell lines (Fig. 5 Left). However, the signal
was significantly lower in neuroblastomas than in fibroblasts
(see Fig. 5 Left). The observed complex migrated slowly, as
expected for REST (8, 15, 21, 22, 26). The same complex could
be observed with an oligonucleotide made up of three NRSEs
(not shown). The presence of REST mRNA in both neuro-
blastoma and fibroblast cells was confirmed by an RT-PCR
experiment (Fig. 5 Right). Whereas REST mRNA from fibro-
blast cells was easily detectable, two rounds of PCR amplifi-
cation using nested oligonucleotides were necessary to detect
REST mRNA from neuroblastoma cells (Fig. 5 Right) and
from PC12 cells (not shown). The REST mRNA and NRSE
binding activity are thus present in neurons, probably in lower
amounts than in nonneuronal cells (14).
REST Is Able to Trans-Activate NRSE in Neurons. Differ-

ent studies have already shown that overexpression of REST
is sufficient to repress the transcriptional activity of NRSE-

Table 1. Anatomical localization of the b-gal-stained cells in transgenic mice constructed with wild-typed (WT) 1,163-bp
promoter of the nAChR b2-subunit gene and T1–T10 (same length of promoter point mutated in NRSE).

Structures WT T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

Cortex — 6 1 1 1 — 6 6 6 6 1
Superior colliculus 1 6 1 1 1 1 1 — 1 1 1
Thalamus 1 — 6 — — — — — — — —
Mesencephalon 1 — — — — — — — — — —
Hypothalamus 6 — — — — — — — — — —
Basal telencephalon 6 — — — — — — — — — 6
Spinal cord 6 6 — — — — — — — — —
Brain stem 1 — 6 — — — — — — 6 1
Otic ganglion 1 — — — — — — — — — —
Eighth ganglion 1 — — — — — 1 — — 1 1
Superior cervical ganglion 1 6 — — — — — — — — —
Dorsal root ganglion 1 6 — — — — — — — — —
Trigeminal ganglion 6 — — — — — — — — — 6
Cartilage (vertebra) — 6 — — — — — — — 1 —
Mouth mucosa — — 1 — — — — — — 1 1

Mice T9 and T10 have stably integrated the transgene. —, no staining.
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containing promoters (15, 21, 23). To test whether REST by
itself is involved in the trans-activation observed in close-
located NRSE, neuroblastoma cells were transfected with the
synthetic NRSE-TATA promoter together with an expression
vector driving the synthesis of a REST antisense mRNA. Fig.
6 shows that upon transfection of REST antisense, the cis-
activation of the minimal promoter by NRSE was no longer
observed. In contrast, no changes in NRSE cis-activation were
detected in control transfection experiments when the same
expression plasmid contained no cDNA. This demonstrates
that REST trans-activates transcription in neuronal cells when
its binding site is located at the proximity of the transcription
start site.

DISCUSSION

NRSE is a regulatory sequence that is present in several
neuronal genes (8) and that was, up to now, thought to silence
neuronal gene transcription in nonneuronal cells (6, 7, 9–14).
We have analyzed the function of NRSE as well as the
importance of its position in the promoter of the gene encod-

ing the mouse nAChR b2-subunit and in synthetic promoters
by combining transgenic mice and in vitro studies.
Point mutation of NRSE in the b2-subunit gene promoter

studied in transgenic mice dramatically changed the pattern of
b-gal staining (Fig. 1). In fact, at E13.5, expression of b-gal was,
after mutation, switched off in the thalamus, the metenceph-
alon, the dorsal root ganglias, and several other structures,
whereas it was switched on in the cortex and remained
unchanged in the colliculus (Fig. 1; Table 1). These results
demonstrate a new dual-activity of NRSE in neurons as an
enhancer or as a silencer depending on the brain area. This
silencer activity of NRSE observed in vivo in the embryonic
cortex or in most of the CNS neurons was confirmed in vitro
(Fig. 3).
Several reports claimed that in neuronal cell lines, NRSE

had no regulatory activity. In fact, these studies were done with
the promoters of genes coding for the SCG10 protein (in which
NRSE is located at21472; ref. 6), for the NaII channel (2996;
ref. 7), for synapsin I (2231; ref. 9), for Ng-CAM (11405; ref.
11), for the m4 muscarinic receptor (2574; ref. 13), for the
ChAT gene (21580; ref. 14), and for dopamine b-hydroxylase
(2251; ref. 26). We may explain the apparent discrepancy

FIG. 2. Expression of the NRSE-mutated nAChR b2-subunit gene
promoter is restricted to neurons. The b-gal activity (arrowheads) and
the glial fibrillary acidic protein immunoreactivity (arrows) were
compared in different regions of the adult brain. (a) Layer 2 of the
pyriform cortex. (b) Pyramidal neurons of the hippocampus. (c)
Oligodendrocytes (arrows) of the optic tract (Opt) and neurons
(arrowheads) of the Supra-optic nucleus (SO).

FIG. 3. Enhancer and silencer activities of NRSE within synthetic
promoters. (a) Schematic representation of the plasmids used for
transfection. Oval, three NRSEs; crossed-out oval, mutated NRSEs;
solid box, SV40 TATA box; hatched box, myosin IIB TATA box. (b)
Relative activity of these plasmids transfected in different cell lines.
The luciferase activities were normalized to that of the same plasmid
containing no NRSE sequences (SVP-Luci, TATA-Luci, or TA-
TAIIB-Luci).
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between these works and ours by the demonstration (Fig. 4)
that, in neuronal cells, NRSE actually behaves as an enhancer
only when located downstream, or at less than 50 bp upstream
from the TATA box, but acts as a silencer when located further
upstream, as in the previously described promoters.
NRSE was described as a silencer in nonneuronal cells (6, 7,

9–14, 23). Thus, we anticipated that its mutation would

promote expression of the b-gal transgene in glial cells and in
nonneuronal tissues. Yet, in the nine independent lines of
transgenic mice analyzed at E13.5, nonneuronal expression
was only rarely observed and not in a reproducible manner
(Table 1). Moreover, in the adult brain, comparison of the glial
fibrillary acidic protein immunoreactivity and of the b-gal
staining showed that the mutated promoter was primarily
expressed in neurons (Fig. 2 a and b) and exceptionally in few
oligodendrocytes of the white matter (Fig. 2c). These results
confirm that the 1.2-kbp promoter of the b2-subunit carries
other neuron-specific elements (5) that prevent ectopic ex-
pression of the NRSE-mutated promoter. When transfected
into fibroblast cells, the 1.2-kbp promoter mutated in NRSE
was shown to be more active than the wild-type promoter (5).
In transgenic mice, the activity of the mutated promoter in
nonneuronal cells was probably still below the level of detec-
tion.
One possible mechanism that could account for the dual

activity of NRSE is that the NRSE-binding factors interact
with the general transcription factors (22). At more than 50 bp,
no interaction, thus no regulation, would become possible,
explaining why NRSE is transcriptionally inactive in distant-
NRSE promoters in neuronal cell lines. In fibroblasts cells
NRSE behaves always as a repressor except when abutted to
the TATA box (as in the VGF gene; ref. 27), in which case no
regulatory activity is observed. This could be due to a steric
hindrance between the general transcription factors and REST
that could not bind to the NRSE. Another possible mechanism
would be that the NRSE-binding factors displace repressor
factors, yielding increased access of the general transcription
factors to the promoter. Such a derepression mechanism
appears possible in vivo. But it seems less probable in our
transient transfection assay, as NRSE would derepress tran-
scription in all cell types, the TATA promoters (IIB and SV40)
being relatively equally active in neuroblastoma and in fibro-
blast cells (not shown).
An NRSE-binding factor (REST) was recently character-

ized and cloned (15, 21, 22). Using gel-shift experiments and
RT-PCR, we have detected the REST protein and mRNA in
the fibroblast 3T6 as well as in the neuroblastomas SK-N-Be.

FIG. 4. The sign of the regulatory activity of NRSE depends on the
primary structure of the promoter in neuroblastomas but not in
fibroblasts. (a) Schematic representation of the plasmids. See Fig. 3
legend for explanations of symbols. (b and c) Relative activities of the
plasmids transiently transfected. The activities of the plasmids were
normalized to that of the same plasmids with no NRSE.

FIG. 5. Detection of NRSE binding activity and REST mRNA in
fibroblasts and neuroblastoma. (Left) Mobility shift experiment using
an NRSE probe and extracts from fibroblast (lanes 1–4) or neuro-
blastoma cells (lanes 5–8). The gel retardation was done in presence
of 100-fold molar excess of cold NRSE (lanes 2 and 6), NRSEmut
(lanes 3 and 7), or oligonucleotide SP1 carrying an SP1 site (lanes 4
and 8). (Right) RT-PCR with RNA extracted from fibroblasts (lanes
1 and 2, one round of PCR amplification) or neuroblastomas (lanes 3
and 4, two rounds of PCR amplification using nested primers). Lanes
2 and 4, reverse transcriptase was omitted.

FIG. 6. REST trans-activates transcription through binding to
NRSE. Activation of transcription by NRSE was compared after
cotransfection with the CMV-TSER plasmid expressing a REST
antisense mRNA or with the expression plasmids carrying no cDNA.
The activity of the NRSE-TATA plasmid is compared with that of
TATA-plasmid cotransfected with the same expression plasmid set
to 1.
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We also detected REST mRNA in the neuronal PC12 cells
(not shown). However, in these latter cell lines, the level of
mRNA was much lower than in fibroblast cells. The NRSE-
binding activity and REST mRNA have consistently been
detected in nonneuronal cells (6, 7, 9, 11, 13). In contrast, in
neuronal cells results appeared contradictory. For instance,
NRSE-binding activity was (26) or was not detected in the
neuronal cell line PC12 (6, 7, 9, 13, 23); but the REST protein
could be detected upon long exposure of a Western blot made
from PC12 proteins (21). In neuroblastomas, the NRSE-
binding activity and REST mRNA were (11, 14, 28) or were
not (6, 7, 13, 15) detected depending on the studies. Recently,
Lonnerberg et al. (14) showed unambiguously, by RNase
protection assay, that REST mRNA is present but in much
lower amounts in neuronal than in fibroblast cell lines. Thus,
the apparent discrepancy is probably due to the level of
detection of the DNA-binding activity.
The REST protein is a multi-zinc-finger protein with struc-

tural homology with the Krüppel class of zinc-finger proteins
(8, 21). Our results extend the analogy between REST and
Krüppel (Kr) or YY1 beyond the zinc-finger similarity. Actu-
ally, when acting through distant binding sites, both Kr and
YY1 provide repression almost exclusively (29, 30). When the
Kr-binding site is located next to the transcription start site, Kr
acts as transcriptional activator when monomeric, whereas Kr
dimers, formed at high concentration, cause repression (30,
31). A functional homology thus exists with the phenomenon
described in this work, since REST can both activate and
repress gene expression depending on the location of its single
DNA-binding site. Our results suggest that a probable mech-
anism of regulation by REST is the following: at low concen-
tration (in neurons) REST does not suffice to repress distant-
NRSE promoters (NaII, SCG10, synapsin, etc.), whereas
REST enhances transcription of close-NRSE promoters (b2-
subunit, synthetic NRSE-TATA, promoters with 59 UTR
NRSEs). At high concentration [in nonneuronal cells or in
neurons transfected with REST expression vectors (15, 21)],
REST elicits repression regardless of the promoter context.
However, that NRSE is a silencer in the adult neurons of the
brain strongly suggests that, in addition to REST, other
NRSE-binding proteins are involved in gene regulation.
Other studies have described such dual enhancerysilencer

activity of DNA elements (29–32), but to our knowledge, this
work is the first demonstration for a role in vivo and in the
nervous system of higher eukaryotes of such a dual function.
It supports the view that the dual activity of REST contributes
to the particularly sophisticated regulatory mechanisms that
determine the three-dimensional expression of neuronal genes
in the brain.
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