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Neural-restrictive silencer (NRS) has been well charac-
terized in SCG10 and many other neuron-specific
genes; it is, however, unknown whether the promoters
of the SCLIP and RB3 genes (two other SCG10 family
members) share basal transcriptional mechanisms with
SCG10 or not. To explore how NRS-mediated neural-
specific gene transcription has evolved, we determined
the genomic and promoter structures of the SCLIP
gene, and found that the gene retained an NRS-like
element that functioned as a negative regulator in
non-neuronal cells. However, unlike the NRS in the
SCG10 gene, this NRSSCLIP was located downstream
of the transcription start site, and showed a position-
dependent repressing activity. Further gel-shift and
NRS factor (NRSF) co-transfection experiments re-
vealed that NRSSCLIP was bound and regulated by
NRSF. Such an element was not found in the gene
promoter of RB3, suggesting that the NRS�NRSF
regulatory system evolved once SCLIP had diverged
from RB3 or stathmin.

Keywords: gene expression/gene regulation/neuron/
repressor/silencer/transcription.

Abbreviations: BDNF, brain-derived neurotrophic
factor; HDAC, histone deacetylase; ORF, open
reading frame; PCR, polymerase chain reaction;
NRD, nucleosome remodelling and deacetylation;
NRS, neural-restrictive silencer; NRSF,
neural-restrictive silencing factor; REST, repressor
element 1-silencing transciption factor; SCG10,
superior cervical ganglia clone No. 10; SCLIP,
SCG10-like protein.

Transcriptional mechanisms for cell type-specific gene
expression generally involve both positive and negative
regulatory factors, which recruit either co-activator or
co-repressor that binds to histone modifying proteins
such as acetylases or deacetylase, thereby leading to
chromatin remodelling (1). The chromatin structural
modification triggers and stabilizes cellular differenti-
ation status; thus the enhancer or silencer-mediated
chromatin remodelling is a central mechanism of cel-
lular specification during animal development (2).

During the mammalian nervous system development
a cell-type selective negative regulator named NRSF
(neural-restrictive silencing factor) (3) or REST (re-
pressor element-1 silencing transcription factor) (4)
plays pivotal role in determining neuron-specific gene
expression (5�8). The transcriptional regulation by
NRSF/REST is a key issue during neuronal differen-
tiation, maturation, plasticity, diseases, as well as stem
cell maintenance (9�15). The target sequence of
NRSF/REST is a 22-bp-long neural restrictive silencer
element (NRSE) (also called RE-1), a versatile nega-
tive-acting cis-regulatory element that prevents the ex-
pression of neuron-specific genes in non-neuronal cells
(16�18). While the genome data survey studies of
NRSE demonstrate that the total numbers of potential
target genes of the NRSF/REST in the human genome
exceed 1,000 genes (19�21), its exact biochemical ana-
lyses of the cell type-specific promoter repression by
this factor has been elucidated for a limited set of
genes including neuronal growth-associated proteins,
ion channels, neuropeptides, neurotransmitter syn-
thetic enzymes, neurotransmitter receptors, neurotro-
phins and their receptors (22�37, also see reviews 38,
39 and references there in).

The transcription factor binding to neural-restrictive
silencer (NRS), i.e. NRSF/REST, is a bipartite repres-
sor possessing two distinct repression domains near the
N-terminus and at the C-terminus. The transcriptional
repression mechanisms via these two repression do-
mains, i.e. RD-1 and RD-2, have been resolved:
RD-1 recruits co-repressor mSin3 and histone deace-
tylase (HDAC) (40�44); whereas RD-2 binds CoREST
and N-CoR (45�49). NRSF/REST also interacts with
ATP-dependent chromatin remodelling SWI/SNF
complex, or even basal transcriptional factor such as
TATA-binding protein (TBP) (50, 51). While the over-
all mechanisms of NRSF/REST-dependent transcrip-
tional regulation for cell-type specificity and other
circumstances still remain to be elucidated, the
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NRS�NRSF system is now well recognized to be a
fundamental basis of the neuron-specific gene regula-
tion in developing and mature neurons.

Although the transcriptional regulatory mechanism
via NRS and NRSF is well understood with respect to
SCG10 (superior cervical ganglia clone No.10) (3, 16,
17, 41, 52), the mechanism of cell type-specific tran-
scriptional regulation of other members of the SCG10
gene family (53�57) remains unclear. While SCG10
seems evolved by gene duplication of the prototypic
stathmin gene, evidence suggests that SCG10-like pro-
tein (SCLIP) (58) and RB3 (59), two additional mem-
bers of the SCG10/stathmin family, are also expressed
in neurons. Particularly, SCLIP is highly expressed in
fully developed pyramidal cells and Purkinje cells, and
retinal ganglion cells of the adult brain (60, 61). Unlike
SCG10, SCLIP inhibits neurite outgrowth and pro-
motes axonal branching (62, 63). SCLIP is highly ex-
pressed in mature neurons, but there is some evidence
suggesting that SCLIP is also expressed in some
non-neural tissues (64, 65).

To examine the factors regulating the neural-
preferred transcriptional regulation of SCLIP and
RB3, we isolated genomic clones containing the
50-transcription regulatory region of these genes. The
present study explored the molecular mechanisms
underlying SCLIP gene expression, focusing on poten-
tial roles of NRS or NRS-like element. We identified
an NRS-like sequence (NRSSCLIP) in the translation
starting point in exon 1 of the SCLIP gene and
showed that it was critical for the neuronal expression
of the SCLIP gene. This NRSSCLIP element functioned
as a cell-selective repressor wherever it was located
around the SCLIP promoter; however, the level of
this repressing effect varied depending upon the pos-
ition relative to the promoter.

Materials and Methods

Library screening and determination of genomic structure
A 129 SVJ Mouse Genomic Library (Stratagene, La Jolla, CA,
USA) was screened with (a-32P) dCTP-labelled mouse SCLIP and
RB3 cDNA probes that had been generated by reverse transcription
followed by the polymerase chain reaction (RT�PCR) using primers
based on the published sequence. Inserts of three independent posi-
tive lambda phage clones of the SCLIP gene were subcloned into
pBluescript II SK (�) at a NotI site, and were termed pmgSCLIP-1,
2 and 3. Four positive phage clones of the RB3 gene were also
cloned, and their inserts were subcloned into the same vector, and
named pmgRB3-1, 2, 3 and 4. Nucleotide sequencing was performed
by the use of ABI PRISM 377 (Applied Biosystems). To determine
the exon�intron boundaries, we compared the genomic sequences
with the cDNA sequences of mouse SCLIP and RB3 (GenBank/
EMBL/DDBJ: accession nos. AF069708 and AF105222).

Primer extension assay
Primer extension was performed as described previously (16) using
an inverted sequence of NRSSCLIP-containing oligonucleotide (see
below) with Neuro2a RNA as a template. Extension products
were separated on a 10% denaturing polyacrylamide gel with a
32P-labelled size marker of Hinf-I digests of �X174 DNA.

Plasmid construction
The 50-upstream fragments (4.7 and 1.0 kb) starting from the first
methionine codon of pmgSCLIP-3 were subcloned into the luciferase
reporter plasmid pGL3-Basic vector (Promega) at XhoI and NcoI
sites (Luc-SL470) and HindIII and NcoI sites (Luc-SL101),

respectively. A series of deletion mutants (Luc-SL358, Luc-SL157,
Luc-SL35, Luc-SL23, Luc-SL13 and Luc-SL5) were generated by
digesting the Luc-SL470 with a deletion kit (TaKaRa); and
Luc-dp(�) was made by deleting the 370-bp NcoI fragment of
Luc-SL101. These constructs were devoid of NRSSCLIP due to the
ligation to the luciferase sequence in the middle of the NRS element.
For reconstitution of the NRSSCLIP sequence in the SCLIP-
luciferase plasmids, Luc-NSL23, containing NRSSCLIP, was gener-
ated by altering Luc-SL23 with an oligonucleotide (50-GGTGCTGG
CCATGGTGCTGGC-30) according to the Kunkel method as
described previously (41). A single NRSSCLIP element of self-
complementary oligonucleotide pairs (50-CGCCAGCACCATGGC
CAGCACCG GTAC-30 and 50-CGGTGCTGGCCATGGTG CTG
GCGGTAC-30) was inserted at the most 50-region of Luc-SL157,
Luc-SL101, Luc-SL35 and Luc-SL23 at a KpnI site to generate a
series of NRSSCLIP-containing constructs (Luc-NSL157,
Luc-NSL101, Luc-NSL35 and Luc-NSL23).

Transfection and reporter gene assay
RAT1, PC12, NIH-3T3 and Neuro2a cells were maintained and
transfected with the aforementioned luciferase-expression plasmids
driven by the SCLIP promoter by using Lipofectamine Plus
(GIBCO/BRL) as described previously (41, 52). For luciferase
assays, 5�8�104 RAT1 or PC12 cells in a 24-well plate were trans-
fected with �200 ng (0.06 pmol equivalent) of luciferase reporter
plasmid and 50 ng of control Renilla luciferase vector (pRL-TK)
(Promega), the latter used as an internal control for transfection
efficiency. pBluescriptII SK(�) was used as a carrier to bring the
total amounts of plasmids to 300 ng. Cellular extracts were prepared
48 h after transfection, and dual-luciferase activities were measured
with a luminometer (Lummat LB96V; EG&G, Salem, MA, USA).
All transfection experiments were performed three times, and aver-
ages and SEs of the luciferase activities of three independent experi-
ments, each conducted with triplicate dishes, were calculated.

Electrophoretic mobility shift assay
Nuclear extracts were prepared from RAT1 and PC12 cells as
described previously (41, 52). Self-complementary oligonucleotide
pairs were labelled with (a-32P) dCTP by use of a Megaprime
DNA labelling kit (Pharmacia) and purified with a QIAquick Gel
Extraction Kit 250 (QIAGEN). The oligonucleotides for the gel shift
assays were as follow: for the SCLIP NRS, 50-AGCCGCCGCCAG
CACCATGGCCAGCACC-30 and 50-AGATACGGTGCTGGCC
ATGGTGCTGGC-30; and for the SCG10 NRS, 50-AAGCCATTT
CAGCACCACGG AGAGTGCC-30 and 50-AGCAGAGGCACTC
TCCGTGGTGCTGAA-30. For DNA binding assays, 5 mg of nu-
clear extract was incubated at room temperature for 20min with
50,000 cpm of the labelled probes, 4 ml of 5� binding buffer [50
mM HEPES (pH 7.9), 250mM KCl, 25mM MgCl2, 50%
Glycerol, 25mM DTT, 3.5mM PMSF, 250 mM ZnCl2], and 1 mg
of poly(dI-dC) in a total volume of 20 ml. For supershift experiments,
monoclonal antibody raised against NRSF (3B7) was used as
described previously (33). The binding reaction mixtures were elec-
trophoresed at 10 mA for 90min at 4�C on a 4% polyacrylamide gel
in modified 0.25� TEA (40mM Tris�HCl pH 7.8, 37mM sodium
acetate) containing 2.5% glycerol. The gels were dried and exposed
to an X-ray film with an intensifying screen at �80�C.

Results

Homology of the genomic organization of the SCLIP
gene with that of other members of the SCG10 gene
family
The mouse SCLIP gene was obtained by screening a
liver genomic DNA library. The full-length SCLIP
gene corresponding to the five coding exons was deter-
mined, and the genomic organization is presented in
Fig. 1. Although the first intron sequence was not fully
determined, the total size of the mouse SCLIP gene was
estimated to be �11kb based on restriction digests
(Fig. 1A). The genome sequence was compared with the
previously published cDNA sequence (54, 58) in order
to determine the exon�intron boundaries (Fig. 1B).
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We also screened for the mouse RB3 gene, and found
that it spanned 7 kb of genomic DNA and was also
composed of five coding exons with 567 bp of open
reading frame (ORF) covering the initiation methio-
nine to the stop codon. Its genomic and cDNA
sequences were likewise compared to determine
exon�intron boundaries. Beside the five conserved
exon/intron boundaries, two additional donor/accept-
or sites for splicing were also found between exons 2
and 3 and between exons 4 and 5 in the mouse RB3
gene, which presumably give rise to the alternative
splicing forms known as RB30 and RB300, respectively
(54, 56).

As previously reported (53), the total size of the
SCG10 gene was quite different from that of the stath-
min gene, even though the two genes shared a similar
exon�intron structure. When the relative distances
among these exons of SCG10 and the three
SCG10-related genes were compared, it become clear
that exons 2 and 3 were located relatively close to each
other in all family member, as were exons 4 and 5,

except in the case of the RB3 gene (Fig. 1C). As afore-
mentioned, the RB3 gene contained two additional
exons, 20 and 40 used for alternative splicing.
Comparison of the mouse amino acid sequences of
each of the major coding exons of the SCG10 family
members is presented in Fig. 1D. The homology in the
mouse amino acid sequences and exon organization
clearly demonstrate that all SCG10 family members
were generated by gene duplication, which is consistent
with the previous notion obtained from the compari-
son of rat RB3 and mouse SCLIP genes (58).

Distinct promoter feature of the SCLIP gene
Although the exon organization was conserved among
the SCG10 family members, the promoter upstream
sequence of the mouse SCLIP gene, at least up to
2.0 kb in length, was unrelated to that of neither
SCG10 or RB3 genes (by FASTA alignment, data
not shown). Even though SCLIP gene transcripts could
be detected in some non-neural tissues in human (64),
the expression of both SCG10 and SCLIP genes is

A

B

C

D

Fig. 1 Genomic organization of the SCLIP gene and its comparison to other members of the SCG10 family. (A) Genomic organization of the
mouse and human SCLIP genes. The white and black boxes indicate non-coding and coding regions, respectively. Exon numbers 1�5 of mouse
and human SCLIP genes are given. (B) The exon�intron boundaries were determined by comparing mouse genomic and cDNA sequences.
Intron size and the donor�acceptor splice sites of the mouse SCLIP gene are shown. Intron sequences are shown in lower case, and the donor
and acceptor sites are underlined. (C) Comparison of the size and intron�exon structures of the mouse SCG10-related gene family. The genomic
organization of the mouse SCLIP and RB3 genes as well as that of the mouse SCG10 and stathmin ones is presented for comparison.
Interruption in the first intron of SCG10 and SCLIP genes indicates that the regions have not been fully determined for actual distance. The
closed triangle in the promoter region of the SCG10 gene indicates the position of NRS, and the open triangle on the SCLIP gene denotes the
position of the NRS-like sequence, NRSSCLIP. (D) Exon�domain structure relationship. The mouse SCLIP, RB3, SCG10 and stathmin genes are
aligned with space introduced between exons: conserved amino acids are indicated by asterisks.
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known to be highly abundant in neurons (58, 61). We
then compared the 50-upstream of the mouse SCLIP
gene with that of the human SCLIP gene deposited in
GenBank (accession number AF217796) including the
first exon, and found that there was a high degree of
similarity in the proximal region of the promoter be-
tween mouse and human SCLIP genes (Fig. 2A). The
sequence of the first exon and splice junction were
highly conserved, and the proximal promoter regions
contained putative binding sites for transcriptional fac-
tors SP1 and TFII-I (Fig. 2A). However, further up-
stream sequence, at least for 2.0 kb, revealed little
homology between the two species. To determine the
transcriptional start sites of the mouse SCLIP gene, we
performed a primary extension assay with Neuro2a
cell-derived RNA as a template (Fig. 2B). There were
at least six primary extension products suggesting that
there may exist multiple transcriptional initiation
sites (Fig. 2A). We conclude that this region contains
the promoter of the mouse SCLIP gene. The mouse
sequence was deposited to GenBank through
DDBJ/SAKURA with the entry ID number:
20010723133031.31621.

To examine whether the DNA sequence upstream of
exon 1 in the mouse SCLIP gene had promoter activ-
ity, we prepared a series of deletion constructs contain-
ing the first methionine codon along with various
lengths of the 50-flanking sequence from the mouse
SCLIP gene, and examined their activity in both
neural (PC12) and non-neural (RAT1) cells. The six
longer constructs containing as few as 240 bp and as
many as 4700 bp upstream from the first methionine
showed significant promoter activity (Fig. 2B). Luc-
SL23 was the most active promoter construct in
PC12 and RAT1 cells; however, further deletion re-
sulted in a dramatic reduction of the promoter activity
(see Luc-SL13 and SL5), even though the shorter con-
structs still retained some transcriptional activity. The
reduction in activity between Luc-SL23 and Luc-SL13
indicated the existence of an activator or the core pro-
moter within the first 240-bp DNA sequence upstream
of the first methionine. The fact that reporter con-
structs containing the SCLIP promoter, at least up
to 4.7 kb, were equally active in neural (PC12) and
non-neural (RAT1) cells indicated that cell type-
specific expression required some other region(s) of
the gene.

Identification of an NRS-like element (NRSSCLIP)
inthedownstreamregionofthepromoteroftheSCLIP
gene
Surprisingly, however, we noted a sequence at the
translation starting point that was similar to the
NRS sequence. Independent analysis by Curmi and
his colleagues identified this element in the human
SCLIP gene as SCLIP6 element (64). This sequence
(NRSSCLIP) was completely conserved in the mouse
and human genes (Fig. 2A), but the 30-half of the se-
quence was destroyed in the SCLIP-luciferase reporter
constructs used in the above promoter assays
(Fig. 2C). To assess whether the NRSSCLIP at the
first methionine codon of the SCLIP gene plays a
role in the cell type-specific expression of the SCLIP

promoter, we prepared two SCLIP promoter con-
structs, one containing (Luc-SL-N23) and one lacking
(Luc-SL23) the NRSSCLIP, and examined their activity
in cellular transfection experiments. The Luc-SL-N23
SCLIP promoter construct was prepared by mutating
the first five bases 50 of the coding exon of the lucifer-
ase gene connected to the most active SCLIP pro-
moter, Luc-SL23. PC12 and RAT1 cells were
transfected with these constructs and tested for lucifer-
ase activity (Fig. 3A). The presence of NRSSCLIP led to
a nearly 100-fold reduction in SCLIP promoter activity
in RAT1 cells, whereas in PC12 cells only a 4-fold re-
duction was observed (Fig. 3A). These data indicate
that the NRSSCLIP plays a major role repressing
SCLIP promoter activity preferentially in RAT1
cells, suggesting that NRSSCLIP is a cell-type specific
or preferred transcriptional element.

Position-dependent effect of NRSSCLIP

Since the location of NRSSCLIP at the translational
initiation site at the first exon was unusual compared
with that of other currently known NRS elements, we
questioned if NRSSCLIP may function when it was
placed in other locations. To this end, we constructed
four SCLIP promoter constructs containing NRSSCLIP

at the 50-end of Luc-SL157 through Luc-SL23, respect-
ively, and compared their activity with that of Luc-
N-SL23 in cellular transfection experiments (Fig. 3B).
As shown in Fig. 3C, the silencing effect of NRSSCLIP

increased as NRSSCLIP was moved approximately
�1500-bp upstream or 300-bp downstream in the
SCLIP promoter region.

NRSSCLIP is regulated by NRSF
To learn whether the NRSSCLIP interacts with a cellu-
lar protein, particularly with NRSF, we performed an
electrophoretic mobility shift assay with nuclear ex-
tracts from HeLa cells and an oligonucleotide contain-
ing a single copy of the NRSSCLIP sequence as a probe.
As a confirmation of a previous report (17), binding
experiments using the SCG10 NRS as a probe detected
a clear-cut DNA�NRSF complex with nuclear ex-
tracts prepared from HeLa cells (Fig. 4, lane 3), and
a similar gel shift of DNA�NRSF complex was de-
tected by using the SCLIP NRSSCLIP region as a
probe (Fig. 4, lane 4). The specificity of the gel shift
obtained with the SCLIP probe was tested by compe-
tition experiments. Specific competition for the shift
was obtained with a 10- to 100-fold molar excess of
non-radioisotope-labelled SCLIP probe (Fig. 4, lanes
5�7). Similar competition was observed even with cen-
tral GG/TT mutation, but was not observed with
non-related sequences such as AP1 or SP1 (data not
shown). Furthermore, when monoclonal anti-NRSF
antibody (3B7) was included in the binding reaction,
the band was supershifted, suggesting that NRSSCLIP

was indeed bound by NRSF (Fig. 4, lanes 8 and 9).
The supershift was not observed with pre-immune
serum.

To demonstrate that the NRSSCLIP was a target
for repression via NRSF, we performed cellular co-
transfection experiments with NRSF expression con-
structs. First, a plasmid directing the expression of a
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Fig. 2 Identification of NRS
SCLIP

in the promoter of mouse and human SCLIP genes and its effect on cell-selective gene transcription.

(A) Comparison of the sequences at the 50-end of the mouse (m) and human (h) SCLIP genes. A putative binding site for NRSF is boxed,
Sp1 and TFI sites are underlined, and conserved nucleotides are marked by asterisks. First intron sequences are indicated by lower case
letters, and the intron donor sequences are underlined. Transcriptional start sites (P1�P6) as determined in panel B are marked with closed
circles; note that P1 is the major transcriptional initiation site. A block arrow represents the primer used in the primer extention assay experiment
(see panel B). Endpoints of the deletion constructs used in panel C are indicated above the sequence. (B) Determination of transcription initiation
sites of the mouse SCLIP gene by primary extension assay. Primer extension products, P1 through P6, are marked in lane 1 that was performed
in the presence of RNA template. No product was obtained in the reaction without RNA template, as shown in lane 2. Size markers are
32P-labelled HinfI-digest of �X174 DNA. (C) Activity of SCLIP promoter constructs in cellular transfection experiments using PC12 and RAT1
cells. The relative luciferase activities of SCLIP constructs are expressed as a percentage of the SV40 promoter activity of the pGL3 control
vector. The values for the pGL3 control and pGL3 basic were set at 100 and 0%, respectively. The data shown are the means� SE of three
separate transfection experiments. (D) Comparison of NRSSCLIP with the NRS consensus and NRSSCG10 and the boundary sequence generated
in the SCLIP promoter-driven luciferase reporter gene constructs. Note that the 30-half of the SCLIP/Luciferase plasmid is diverged extensively
from the authentic NRS consensus sequence.
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dominant-negative form of NRSF protein (dn-NRSF),
which contained the internal domain but not the two
repression domains within the N- and C-terminal re-
gions, was used to transfect PC12 or RAT1 cells along
with either Luc-SL23 or Luc-SL-N23 to examine
whether the dn-NRSF could prevent repression of

the SCLIP promoter activity. The dn-NRSF appar-
ently released repression of Luc-SL-N23 in RAT1 cells
but not in PC12 cells (Fig. 5A and B). Second, PC12 or
RAT1 cells were co-transfected with Luc-SL23 or Luc-
SL-N23 and a plasmid expressing the full-length NRSF
protein (fl-NRSF) to determine whether ectopic ex-
pression of NRSF in cells that normally contain low
levels of NRSF activity could reduce the activity from
Luc-SL-N23. Expression of fl-NRSF in PC12 cells led
to repression of the activity of Luc-SL-N23 but not in
RAT1 cells (Fig. 5A and B). Note that transfection
experiments with Luc-SL23 reporter that does not con-
tain NRSSCLIP did not effect luciferase activity in any
condition. These results reflect the fact that the cell
type-specific transcriptional regulation of the SCLIP
gene is under the influence of the NRSSCLIP via NRSF.

Discussion

The present studies provide evidence that the neuron-
specific expression of the SCLIP gene is regulated, at
least in part, by NRSSCLIP located in the downstream
region of the promoter of the SCLIP gene. The cell-
selective silencing activity of NRSSCLIP became more
apparent when the element was placed far upstream,
e.g. over 1.5 kb-upstream, in the promoter region.
Interestingly, when the element was placed 51 kb
from the core promoter, the neural-restrictive silencing
activity, i.e. relative silencing in non-neuronal versus
neuronal cells, was reduced. This finding is similar to
the data showing that the NRS present in the b2 sub-
unit gene of the nicotinic acetylcholine receptor was
position dependent, and further even functioned as a
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Fig. 3 Characterization of NRSSCLIP with respect to cell-type selective transcriptional repression. (A) Activity of SCLIP promoter constructs with
or without NRS-like sequence (NRSSCLIP) in cellular transfection experiments using PC12 and RAT1 cells. The relative luciferase activity of
SCLIP constructs is expressed as a percentage of SV40 promoter activity produced by the pGL3 control vector. The values for the pGL3 control
and pGL3 basic were set at 100 and 0% as in Fig. 2. The data shown are the means� SE of three separate experiments. (B) NRSSCLIP mediates
transcriptional repression of the SCLIP promoter construct position dependently in cellular transfection experiments using PC12 and RAT1
cells. The relative luciferase activity of NRSSCLIP-containing SCLIP constructs is expressed as a percentage of the activity of NRSSCLIP-lacking
SCLIP constructs, the values of which were set at 100%. The data shown are the means� SE of three separate experiments. (C) Suppression by
NRSSCLIP-containing SCLIP promoter constructs is stronger in RAT1 cells than in PC12 cells. Fold-suppression was calculated for each
construct in each cell line as the reciprocal of the activity relative to that of the NRSSCLIP-lacking SCLIP promoter construct. The ratio of this
value for PC12 and RAT1 cells was then calculated.

Fig. 4 Identification of an NRS
SCLIP

-binding factor in HeLa nuclear

extracts. Lanes 1 and 2 contained probe only; and lanes 3 and 4,
probe with the nuclear extract. Lanes 5, 6 and 7 included either a 10-,
50- or 100-fold molar excess of unlabelled probe of NRSSCLIP. Lane
3 shows the NRS�NRSF complex formed with the SCG10 probe,
and lane 4, a similar complex with the SCLIP probe. The arrow
indicates that the complex could be competed with competitor
fragments based on the NRSSCLIP sequence. Lanes 8 and 9 are
supershift experiment using NRSF-specific monoclonal antibody,
3B7.
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neural preferred enhancer when it was located very
close to the TATA box (34).

The reduction of silencing activity at promoter-
proximal region could be due to steric hindrance of
chromatin. The fact that NRSF/REST recruits
mSin3 (40�42) and/or CoREST (45) suggests that
NRS-dependent transcriptional repression involves
chromatin modification through the recruitment of
either HDAC 1/2 (40�42) or other classes of HDACs
(43, 47, 48), respectively. NRS, therefore, seems to be
more effective when it is located in the upstream of the
promoter or in the first intron. Indeed, the most
well-characterized NRSs, in sodium channel type II
and SCG10 genes, were located in 1- and 1.5-kb up-
stream of each promoter; and other NRSs, in the
brain-derived neurotrophic factor (BDNF) and the
neuro-glial cell adhesion molecule L1/Ng-CAM, were
found in the first intron (35�37). Since the transcrip-
tional repression complex including NRSF/REST be-
comes a part of a large protein complex including the
nucleosome remodelling and deacetylating (NRD, also
named NURD, NuRD) complex (47, 48), it seems to
require some distance of DNA looping in order to
maintain an efficient silencing of the core promoter.

It seems obvious that NRSSCLIP is regulated by
NRSF, as it was bound by or at least included in the
complex containing NRSF (Fig. 4) and its transcrip-
tional activity was affected by the exogenously added
active or inactive NRSF constructs (Fig. 5). In
non-neuronal cells, such as RAT1 fibroblasts, exogen-
ously introduced dn-NRSF apparently de-repressed
NRSSCLIP-containing Luc-SL-N23 reporter activity
(Fig. 5B); however, fl-NRSF did not affected the luci-
ferase activity of the Luc-SL-N23 construct in RAT1
fibroblast, but did affect its activity in PC12 cells.
These results suggest that the expression level of en-
dogenous NRSF is saturated in RAT1, whereas in
PC12 cells NRSF is not expressed, or limited, but
some functionally defective alternatively spliced forms
of NRSF, such as REST4 (31, 37), is expressed.

In this context, the activity of NRSSCLIP may not be
efficient as that of other NRS elements thus far found
in various neuron-specific genes. It may also be pos-
sible that NRSSCLIP functions in a species specific
manner as the 50-region of the NRS homology is
diverged between the human and rodent sequences
(Fig. 2A). We have searched related DNA sequences
in the current human genome database, but were
unable to find any closely related to NRSSCLIP except
other NRS-like sequences (Izumi, N. and Mori, N.,
data not shown). Therefore, other cis-regulatory elem-
ents may contribute to the neuron-specific gene expres-
sion of the SCLIP gene.

It was rather surprising to us to find little homology
in promoter sequences of the three neuron-specific
SCG10 family genes, i.e. SCLIP, RB3 and SCG10,
even though the coding exons among these genes
were highly homologous with each other in the
human and rodent genomes. We initially anticipated
that SCLIP and RB3 genes may share a similar pro-
moter structure together with the presence of NRS for
neuronal specificity; however, we were unable to find
any NRS-related sequence in the promoter upstream
(at least up to 3 kb) or downstream (at least up to 1 kb)
of the RB3 gene. A NRS-like element was identified in
the 10-kb downstream of the human RB3 gene by
Curmi and his colleagues (64); however, the sequence
seemed quite diverged from the authentic NRS consen-
sus (only 13 matches out of 21 residues). Since the gene
expression profiles of these SCG10-related members
are distinct but similar in the sense that they are
neuron-specific and developmentally regulated (60), it
is still possible there may be other important regula-
tory elements in the genes of SCG10, RB3 and SCLIP
that should differentiate the promoters of these genes
from the non-cell-specific constitutive promoter of the
stathmin gene.
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20. Bruce, A.W., López-Contreras, A.J., Flicek, P., Down,
T.A., Dhami, P., Dillon, S.C., Koch, C.M., Langford,
C.F., Dunham, I., Andrews, R.M., and Vetrie, D.
(2009) Functional diversity for REST (NRSF) is defined
by in vivo binding affinity hierarchies at the DNA se-
quence level. Genome Res. 19, 994�1005

21. Zheng, D., Zhao, K., and Mehler, M.F. (2009) Profiling
RE1/REST-mediated histone modifications in the
human genome. Genome Biol. 10, R9

22. Kurschat, P., Bielenberg, D., Rossignol-Tallandier, M.,
Stahl, A., and Klagsbrun, M. (2006) Neuron restrictive
silencer factor NRSF/REST is a transcriptional repressor
of neuropilin-1 and diminishes the ability of semaphorin
3A to inhibit keratinocyte migration. J. Biol. Chem. 281,
2721�2729

23. Ogawa, E., Saito, Y., Kuwahara, K., Harada, M.,
Miyamoto, Y., Hamanaka, I., Kajiyama, N.,
Takahashi, N., Izumi, T., Kawakami, R., Kishimoto,
I., Naruse, Y., Mori, N., and Nakao, K. (2002)
Fibronectin signaling stimulates BNP gene transcription
by inhibiting neuron-restrictive silencer element-
dependent repression. Cardiovasc. Res. 53, 451�459

24. Sugawara, H., Inoue, K., Iwata, S., Shimizu, T.,
Yamada, K., Mori, N., and Miyata, A. (2004)
Neural-restrictive silencers in the regulatory mechanism
of pituitary adenylate cyclase-activating polypeptide
gene expression. Regul. Pept. 123, 9�14

25. Gillies, S., Haddley, K., Vasiliou, S., Bubb, V.J., and
Quinn, J.P. (2009) The human neurokinin B gene,
TAC3, and its promoter are regulated by Neuron
Restrictive Silencing Factor (NRSF) transcription
factor family. Neuropeptides 43, 333�340

26. Kim, S.M., Yang, J.W., Park, M.J., Lee, J.K., Kim,
S.U., Lee, Y.S., and Lee, M.A. (2006) Regulation of
human tyrosine hydroxylase gene by neuron-restrictive
silencer factor. Biochem. Biophys. Res. Commun. 346,
426�435

27. Patel, P.D., Bochar, D.A., Turner, D.L., Meng, F.,
Mueller, H.M., and Pontrello, C.G. (2007) Regulation
of tryptophan hydroxylase-2 gene expression by a bipart-
ite RE-1 silencer of transcription/neuron restrictive silen-
cing factor (REST/NRSF) binding motif. J. Biol. Chem.
282, 26717�26724

28. Bai, G., Zhuang, Z., Liu, A., Chai, Y., and Hoffman,
P.W. (2003) The role of the RE1 element in activation
of the NR1 promoter during neuronal differentiation.
J. Neurochem. 86, 992�1005

29. Lietz, M., Hohl, M., and Thiel, G. (2003) RE-1 silencing
transcription factor (REST) regulates human synapto-
physin gene transcription through an intronic

K. Sone et al.

458

 at N
agasaki U

niversity on O
ctober 19, 2011

http://jb.oxfordjournals.org/
D

ow
nloaded from

 

http://jb.oxfordjournals.org/


sequence-specific DNA-binding site. Eur. J. Biochem.
270, 2�9

30. Hara, D., Fukuchi, M., Miyashita, T., Tabuchi, A.,
Takasaki, I., Naruse, Y., Mori, N., Kondo, T., and
Tsuda, M. (2009) Remote control of activity-dependent
BDNF gene promoter-I transcription mediated by
REST/NRSF. Biochem. Biophys. Res. Commun. 384,
506�511

31. Tabuchi, A., Yamada, T., Sasagawa, S., Naruse, Y.,
Mori, N., and Tsuda, M. (2002) REST4-mediated modu-
lation of REST/NRSF-silencing function during BDNF
gene promoter activation. Biochem. Biophys. Res.
Commun. 290, 415�420

32. Nakatani, T., Ueno, S., Mori, N., and Matsuoka, I.
(2005) Role of NRSF/REST in the molecular mechan-
isms regulating neural-specific expression of trkC/
neurotrophin-3 receptor gene. Brain Res. Mol. Brain
Res. 135, 249�259

33. Kuwahara, K., Saito, Y., Ogawa, E., Takahashi, N.,
Nakagawa, Y., Naruse, Y., Harada, M., Hamanaka, I.,
Izumi, T., Miyamoto, Y., Kishimoto, I., Kawakami, R.,
Nakanishi, M., Mori, N., and Nakao, K. (2001) The
neuron-restrictive silencer element-neuron-restrictive si-
lencer factor system regulates basal and endothelin
1-inducible atrial natriuretic peptide gene expression in
ventricular myocytes. Mol. Cell. Biol. 21, 2085�2097

34. Bessis, A., Champtiaux, N., Chatelin, L., and Changeux,
J.P. (1997) The neuron-restrictive silencer element: a dual
enhancer/silencer crucial for patterned expression of a
nicotinic receptor gene in the brain. Proc. Natl Acad.
Sci. USA 94, 5906�5911

35. Kallunki, P., Jenkinson, S., Edelman, G.M., and Jones,
F.S. (1995) Silencer elements modulate the expression of
the gene for the neuron- glia cell adhesion molecule,
Ng-CAM. J. Biol. Chem. 270, 21291�21298

36. Tabuchi, A., Nakatani, C., Nakaoka, R., Naruse, Y.,
Kojima, T., Mori, N., and Tsuda, M. (1999)
Silencer-mediated repression and non-mediated activa-
tion of BDNF and c- fos gene promoters in primary
glial or neuronal cells. Biochem. Biophys. Res. Commun.
261, 233�237

37. Timmusk, T., Palm, K., Lendahl, U., and Metsis, M.
(1999) Brain-derived neurotrophic factor expression
in vivo is under the control of neuron-restrictive silencer
element. J. Biol. Chem. 274, 1078�1084

38. Saffen, D., Mieda, M., Okamura, M., and Haga, T.
(1999) Control elements of muscarinic receptor gene ex-
pression. Life Sci. 64, 479�486

39. Shimojo, M. and Hersh, L.B. (2004) Regulation of the
cholinergic gene locus by the repressor element-1 silen-
cing transcription factor/neuron restrictive silencer factor
(REST/NRSF). Life Sci. 74, 2213�2225

40. Huang, Y., Myers, S.J., and Dingledine, R. (1999)
Transcriptional repression by REST: recruitment of
Sin3A and histone deacetylase to neuronal genes. Nat.
Neurosci. 2, 867�872

41. Naruse, Y., Aoki, T., Kojima, T., and Mori, N. (1999)
Neural restrictive silencer factor recruits mSin3 and his-
tone deacetylase complex to repress neuron-specific
target genes. Proc. Natl Acad. Sci. USA 96, 13691�13696

42. Roopra, A., Sharling, L., Wood, I.C., Briggs, T.,
Bachfischer, U., Paquette, A.J., and Buckley, N.J.
(2000) Transcriptional repression by neuron-restrictive
silencer factor is mediated via the Sin3-histone deacety-
lase complex. Mol. Cell. Biol. 20, 2147�2157

43. Grimes, J.A., Nielsen, S.J., Battaglioli, E., Miska, E.A.,
Speh, J.C., Berry, D.L., Atouf, F., Holdener, B.C.,
Mandel, G., and Kouzarides, T. (2000) The co-repressor
mSin3A is a functional component of the

REST-CoREST repressor complex. J. Biol. Chem. 275,
9461�9467

44. Nomura, M., Uda-Tochio, H., Murai, K., Mori, N., and
Nishimura, Y. (2005) The neural repressor NRSF/REST
binds the PAH1 domain of the Sin3 corepressor by using
its distinct short hydrophobic helix. J. Mol. Biol. 354,
903�915

45. Andres, M.E., Burger, C., Peral-Rubio, M.J., Battaglioli,
E., Anderson, M.E., Grimes, J., Dallman, J., Ballas, N.,
and Mandel, G. (1999) CoREST: a functional corepres-
sor required for regulation of neural-specific gene expres-
sion. Proc. Natl Acad. Sci. USA 96, 9873�9878

46. Jepsen, K., Hermanson, O., Onami, T.M., Gleiberman,
A.S., Lunyak, V., McEvilly, R.J., Kurokawa, R.,
Kumar, V., Liu, F., Seto, E., Hedrick, S.M., Mandel,
G., Glass, C.K., Rose, D.W., and Rosenfeld, M.G.
(2000) Combinatorial roles of the nuclear receptor cor-
epressor in transcription and development. Cell 102,
753�763

47. Humphrey, G.W., Wang, Y., Russanova, V.R., Hirai,
T., Qin, J., Nakatani, Y., and Howard, B.H. (2001)
Stable histone deacetylase complexes distinguished
by the presence of SANT domain proteins CoREST/
kiaa0071 and Mta-L1. J. Biol. Chem. 276, 6817�6824

48. You, A., Tong, J.K., Grozinger, C.M., and Schreiber,
S.L. (2001) CoREST is an integral component of the
CoREST- human histone deacetylase complex. Proc.
Natl Acad. Sci. USA 98, 1454�1458

49. Lunyak, V.V., Burgess, R., Prefontaine, G.G., Nelson,
C., Sze, S.H., Chenoweth, J., Schwartz, P., Pevzner, P.A.,
Glass, C., Mandel, G., and Rosenfeld, M.G. (2002)
Corepressor-dependent silencing of chromosomal
regions encoding neuronal genes. Science 298, 1747�1752

50. Watanabe, H., Mizutani, T., Haraguchi, T., Yamamichi,
N., Minoguchi, S., Yamamichi-Nishina, M., Mori, N.,
Kameda, T., Sugiyama, T., and Iba, H. (2006) SWI/SNF
complex is essential for NRSF-mediated suppression of
neuronal genes in human nonsmall cell lung carcinoma
cell lines. Oncogene 25, 470�479

51. Murai, K., Naruse, Y., Shaul, Y., Agata, Y., and Mori,
N. (2004) Direct interaction of NRSF with TBP: chro-
matin reorganization and core promoter repression for
neuron-specific gene transcription. Nucleic Acids Res. 32,
3180�3189

52. Kojima, T., Murai, K., Naruse, Y., Takahashi, N., and
Mori, N. (2001) Cell-type non-selective transcrip-
tion of mouse and human genes encoding neural-
restrictive silencer factor. Brain Res. Mol. Brain Res.
90, 174�186

53. Okazaki, T., Yoshida, B.N., Avraham, K.B., Wang, H.,
Wuenschell, C.W., Jenkins, N.A., Copeland, N.G.,
Anderson, D.J., and Mori, N. (1993) Molecular diversity
of the SCG10/stathmin gene family in the mouse.
Genomics 18, 360�373

54. Ozon, S., Maucuer, A., and Sobel, A. (1997) The stath-
min family—molecular and biological characterization
of novel mammalian proteins expressed in the nervous
system. Eur. J. Biochem. 248, 794�806

55. Curmi, P.A., Gavet, O., Charbaut, E., Ozon, S.,
Lachkar-Colmerauer, S., Manceau, V., Siavoshian, S.,
Maucuer, A., and Sobel, A. (1999) Stathmin and its
phosphoprotein family: general properties, biochemical
and functional interaction with tubulin. Cell Struct.
Funct. 24, 345�357

56. Charbaut, E., Curmi, P.A., Ozon, S., Lachkar, S.,
Redeker, V., and Sobel, A. (2001) Stathmin family pro-
teins display specific molecular and tubulin binding prop-
erties. J. Biol. Chem. 276, 16146�16154

Position-dependent NRSE/RE-1-like element

459

 at N
agasaki U

niversity on O
ctober 19, 2011

http://jb.oxfordjournals.org/
D

ow
nloaded from

 

http://jb.oxfordjournals.org/


57. Mori, N. and Morii, H. (2002) SCG10-related neuronal
growth-associated proteins in neural development, plas-
ticity, degeneration, and aging. J. Neurosci. Res. 70,
264�273

58. Ozon, S., Byk, T., and Sobel, A. (1998) SCLIP: a novel
SCG10-like protein of the stathmin family expressed in
the nervous system. J. Neurochem. 70, 2386�2396

59. Beilharz, E.J., Zhukovsky, E., Lanahan, A.A., Worley,
P.F., Nikolich, K., and Goodman, L.J. (1998) Neuronal
activity induction of the stathmin-like gene RB3 in the
rat hippocampus: possible role in neuronal plasticity.
J. Neurosci. 18, 9780�9789

60. Ozon, S., El Mestikawy, S., and Sobel, A. (1999)
Differential, regional, and cellular expression of the
stathmin family transcripts in the adult rat brain.
J. Neurosci. Res. 56, 553�564

61. Nakazawa, T., Nakano, I., Furuyama, T., Morii, H.,
Tamai, M., and Mori, N. (2000) The SCG10-related
gene family in the developing rat retina: persistent ex-
pression of SCLIP and stathmin in mature ganglion
cell layer. Brain Res. 861, 399�407

62. Baldassa, S., Gnesutta, N., Fascio, U., Sturani, E., and
Zippel, R. (2007) SCLIP, a microtubule-destabilizing
factor, interacts with RasGRF1 and inhibits its ability
to promote Rac activation and neurite outgrowth.
J. Biol. Chem. 282, 2333�2345

63. Poulain, F.E. and Sobel, A. (2007) The ‘‘SCG10-LIke
Protein’’ SCLIP is a novel regulator of axonal branching
in hippocampal neurons, unlike SCG10. Mol. Cell.
Neurosci. 34, 137�146

64. Bieche, I., Maucuer, A., Laurendeau, I., Lachkar, S.J.,
Spano, A., Frankfurter, A., Levy, P., Manceau, V.,
Sobel, A., Vidaud, M., and Curmi, P.A. (2003)
Expression of stathmin family genes in human tissues:
non-neural-restricted expression for SCLIP. Genomics
81, 400�410

65. Ng, D.C., Lim, C.P., Lin, B.H., Zhang, T., and Cao, X.
(2009) SCG10-like protein (SCLIP) is a
STAT3-interacting protein involved in maintaining epi-
thelial morphology in MCF-7 breast cancer cells.
Biochem. J. 425, 95�105

K. Sone et al.

460

 at N
agasaki U

niversity on O
ctober 19, 2011

http://jb.oxfordjournals.org/
D

ow
nloaded from

 

http://jb.oxfordjournals.org/

