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Islet-brain 1 (IB1) is the human and rat homologue of JIP-1, a scaffold protein interacting with the c-Jun
amino-terminal kinase (JNK). IB1 expression is mostly restricted to the endocrine pancreas and to the central
nervous system. Herein, we explored the transcriptional mechanism responsible for this preferential islet and
neuronal expression of IB1. A 731-bp fragment of the 5’ regulatory region of the human MAPKS8IP1 gene was
isolated from a human BAC library and cloned upstream of a luciferase reporter gene. This construct drove
high transcriptional activity in both insulin-secreting and neuron-like cells but not in unrelated cell lines.
Sequence analysis of this promoter region revealed the presence of a neuron-restrictive silencer element
(NRSE) known to bind repressor zinc finger protein REST. This factor is not expressed in insulin-secreting
and neuron-like cells. By mobility shift assay, we confirmed that REST binds to the NRSE present in the IB1
promoter. Once transiently transfected in 3-cell lines, the expression vector encoding REST repressed IB1
transcriptional activity. The introduction of a mutated NRSE in the 5’ regulating region of the IB1 gene
abolished the repression activity driven by REST in insulin-secreting 3 cells and relieved the low transcrip-
tional activity of IB1 observed in unrelated cells. Moreover, transfection in non-f3 and nonneuronal cell lines
of an expression vector encoding REST lacking its transcriptional repression domain relieved IB1 promoter
activity. Last, the REST-mediated repression of IB1 could be abolished by trichostatin A, indicating that
deacetylase activity is required to allow REST repression. Taken together, these data establish a critical role

for REST in the control of the tissue-specific expression of the human /BI gene.

Islet-brain 1 (IB1) is the rat and human homologue of JIP-1,
a murine inhibitor of the c-Jun amino-terminal kinase (JNK).
It was termed IB1 since its expression is mostly detectable in
pancreatic islets and in the brain (2). IB1 was identified by
studying the transcriptional mechanisms responsible for the
pancreatic B-cell-specific control of glucose transporter gene
GLUT2 (2, 4, 24, 36). Subsequently, the human MAPKS8IPI
gene, encoding IB1, was established as a candidate gene for
diabetes mellitus (35). Indeed, the direct sequencing of this
gene in human type 2 diabetes patients revealed the presence
of a missense mutation (resulting in protein mutation S59N)
which cosegregated with a rare form of monogenic type 2
diabetes. Ex vivo, this mutation was shown to induce an accel-
erated apoptosis in pancreatic 8 cells (35). These observations
identified IB1 as a key regulator for B-cell survival since it
modulates the activation of the JNK signaling pathway, a sys-
tem which plays an essential role in maturation, differentiation,
and/or apoptosis (8, 16). For example, when the IB1 protein
content is decreased, B cells are more sensitive to cytokine-
induced apoptosis by increasing the JNK activity (3). Thus, the
IB1 expression level is critical for B-cell function.

The goal of the present study was to understand how
MAPKSIPI gene expression is controlled in a tissue-specific
manner. Work by Atouf and coauthors has correlated the
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selective presence of several gene transcripts in pancreatic 3
and neuronal cells with the absence in these cells of a tran-
scription factor named REST (RE-1 silencing transcription
factor, also termed as NRSF) (1). This protein is a zinc finger
transcriptional repressor found to be widely expressed during
embryogenesis in all tissues, except in endocrine pancreas and
mature neuronal tissues (1, 5). The REST gene displays mod-
ular organization conserved across humans, rats, and mice
within the protein-coding region and is regulated by alternative
splicing of REST pre-mRNA. It was reported that the REST
isoform with nine zinc fingers is the most predominant isoform
found in various tissues (25). Alternatively spliced REST pro-
tein isoforms differ in their DNA-binding domains and tran-
srepression domains (26), suggesting different functions of
REST. For example, the REST4 isoform, which is a truncated
protein, inhibits REST activity by acting as a dominant-nega-
tive form of REST (DNREST) (26, 32). REST binds to a 21-bp
cis element called the RE-1 silencer element (NRSE), also
known as repressor element RE-1, to negatively regulate in
nonneuronal tissues several genes preferentially expressed in
neuronal cells such as the rat SCG10, the rat type II sodium
channel, the human synapsin I, and the rat N-methyl-p-aspartate
(NMDA) receptor 1 genes (6, 18, 20, 33). The repression effect
induced by REST required the interaction of REST with the
corepressor mSin3 and histone deacetylase I (HDACI) to form
a complex which induces hypoacetylation of histone (15).
These authors proposed that a remodeling of the chromatin
structure is required for gene control by REST. Others models
where the deacetylase activity may not always be required for
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REST-mediated repression were proposed. Indeed, REST re-
pression is mediated by recruiting corepressors mSin3 and
coREST by a mechanism independent of HDAC (12).

Although little is known about the effect of REST on the
transcription of pancreatic B-cell-specific genes, some of the
mentioned neuronal genes, such as the rat type II sodium
channel and the rat NMDA receptor 1 genes, have been also
detected in pancreatic B cells (1). Consistent with this, by
transient transfection, the NRSE located in the regulatory re-
gions of these genes is unable to silence gene reporter activity
in neuronal and B cells (1, 33). Thus, the absence of REST
expression would allow the same selective expression of some
genes in both neuronal and pancreatic  tissues. Based on
these observations, we hypothesized that REST could be a
regulator for tissue-specific expression of IB1.

Herein, we report the sequence of the human IB1 promoter
and the presence in this region of an NRSE. Moreover, we
show that REST binds to this NRSE. Once transfected in an
insulin-secreting line, the expression vector encoding REST
repressed the transcriptional activity of the IB1 promoter. The
introduction of a mutated NRSE into the human IB1 promoter
abolished this silencing effect mediated by REST in insulin-
secreting cells and relieved the low transcriptional activity ob-
served in unrelated cell lines expressing REST. DNREST de-
repressed IB1 promoter activity in unrelated cells. Finally,
REST-mediated repression is dependent on HDAC activity
since IB1 transcriptional activity was relieved in trichostatin-
treated cell lines. Taken together, these observations indi-
cate that transcriptional repressor REST, through a deacety-
lase activity, controls the selective expression of the IB1 gene
in both neuronal and B pancreatic cells.

MATERIALS AND METHODS

Screening of a BAC library of human genomic DNA and plasmid construction.
A BAC library of human genomic DNA (Research Genetics, Rockville, Md.) was
screened using human IB1 ¢cDNA as previously described (22). By sequencing,
one positive clone (CIT304M9) was found to contain a 731-bp fragment of the
IB1 promoter. This fragment was then subcloned at Kpnl/Xhol sites into the
promoterless expression vector pGL3 basic (Promega). To generate plasmid RIP
REST containing the full-length cDNA of human REST under the control of the
rat insulin promoter (RIP), the EcoRI-digested REST cDNA from the REEX1
expression vector (a kind gift from R. Scharfmann, Robert Debré Hospital, Paris,
France) was ligated into pBS RIP vector (a gift from P. Herrera, Geneva Uni-
versity, Geneva, Switzerland) at EcoRI sites. Mutation in the NRSE sequence of
the IB1 promoter was generated by PCR-site-directed mutagenesis using high-
fidelity Pfu DNA polymerase according to the manufacturer’s protocol (Quik-
Change; Stratagene, La Jolla, Calif.). In vitro mutagenesis was carried out on
full-length IBILUC from double-stranded 5.6-kb plasmid DNA using two oligo-
nucleotide primers, each complementary to opposite strands of the vector (for-
ward: 5'-GGCTTCAGCACCGCTTAGAGCGCCATCTCC-3'; reverse: 5'-CC
GGAGATGGCGCTCTAAGCGGTGCTGAAG-3"). The mutated nucleotides
are underlined. To construct luciferase reporter plasmids containing two copies
of the IB1 NRSE sequence, wild-type (forward: 5'-GGCTTCAGCACCGCGG
AGAGCGCCATCTCC-3'; reverse: 5'-CCGGAGATGGCGCTCTCCGCGGT
GCTGAAG-3") and mutated (indicated above) primers were hybridized, ligated,
and filled in with Klenow fragments of DNA polymerase I according to a
standard protocol before blunt-ended insertion into Smal sites of a simian virus
40 (SV40) constitutive promoter containing the luciferase gene (SV40LUC)
(Promega). The plasmid encoding DNREST consisted of a REST gene fragment
(1.6 kb) encoding the DNA-binding domain; the fragment was amplified by PCR
from the REEX1 expression vector using degenerate primers as described pre-
viously (7). The PCR product was cloned at HindIIl/Xbal sites into correspond-
ing sites of the pCDNA3 eukaryotic expression vector. All constructs were
verified by DNA sequencing to confirm the integrity and orientation of the
cloning and the introduction of the desired mutations.
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Cell lines, transient transfection, and luciferase assays. Human carcinoma
HeLa and mouse NIH 3T3 (fibroblast) cells were cultured as previously de-
scribed (27). Human lymphoma Jurkat and mouse macrophage-like RAW cells
were routinely grown in RPMI 1640 (Gibco-BRL) supplemented with 10% heat-
inactivated fetal bovine serum (FBS). Mouse BTC3 and rat INS1 pancreatic B
cells were maintained as described previously (4, 37). The rat pheochromocy-
toma PCI2 cell line, derived from neural-crest-derived tissue, was cultured in 10%
CO, in Dulbecco’s minimal essential medium supplemented with 10% donor
horse serum and 5% FBS. All cells were transfected using cationic DOTAP
reagent in solution according to the manufacturer’s procedure (Roche Diagnos-
tics). On the day of transfection, 2 g of total DNA was mixed with 15 pl of
DOTAP solution and incubated at room temperature for 10 min. The trypsinized
cells (4 X 10*) were added to the DNA-DOTAP solution and then plated in each
of 12 wells. Cells were incubated for 48 h and harvested with 100 .l of the passive
lysis buffer (Promega). Luciferase activities (from IBILUC and normalization
Renilla pPRLCMV [pRLCM Vrenilla] vectors) were measured with 50 pl of pro-
tein extract solution by using the Dual-Luciferase reporter assay system (Pro-
mega). All experiments were repeated at least three times in triplicate.

RNA preparation, RT-PCR, and Northern blot analysis. Total RNA extrac-
tion from cell lines was conducted exactly as described previously (4). For reverse
transcription-PCR (RT-PCR), 5 pg of total RNA was reverse transcribed with
superscript II reverse transcriptase using random hexamers [pd(N),] as primers.
PCRs were carried out with 1/10 volume of the reverse-transcribed product in a
final volume of 50 .l using recombinant 7ag DNA polymerase (Gibco-BRL) and
were performed in a GeneAmp 9700 PCR machine (Perkin-Elmer). Each PCR
cycle consisted of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, followed by a
5-min extension at 72°C. PCR products were separated in a 1.5% agarose gel
with Tris-borate-EDTA buffer. Primer sets used for human, rat, and mouse
REST mRNA isoforms (26) are as follows. For human isoforms, primers were
h-p2s (5'-GTGACCGCTGCGGCTACAATACTAA-3'; primer 1) and h-p8as
(5'-GGACAAGTAGGATGCTTAGATTTGA-3'; primer 2). The human iso-
form encoding a truncated REST protein with a 4-bp insertion of exon N
(hREST-N4) was amplified with primer set pN4s (5'-GCGTACTCATTCAGT
GGGGTGA-3') and pNdas (5'-CACATTTAAATGGCTTCTCACCCCACT-
3"). For rat and mouse REST, the primers were mrp2s (5'-CTACATGGCACA
CCTGAAGCACCAC-3'; primer 3) and mrp8as (5'-GCGTAGTCACACACG
GGGCAGTTGAAC-3'; primer 4). The rat and mouse REST4 isoform was
amplified with primer set p2s (5'-CTACATGGCACACCTGAAGCACCAC-3")
and pR4as (5'-GGCTTCCTCACCCAACTAGATCACACT-3"). For detection
of ubiquitous cytochrome oxidase 4 (COX4) mRNA, 24 cycles of PCR were
performed using forward and reverse primers 5'-ATGTTGGCTTCCAGAGCG
CTGA-3' and 5'-CTTCTTCCACTCATTCTTGTCATAG-3'. For IBI, the
primer set used was 5'-GCGTCGCCTCCCAATTTCAG-3' and 5'-CAGGTCC
ATCTGCAGCATCTC-3'. Northern blot analysis from different cell lines was
performed as described previously (4).

RACE. For 5’ rapid amplification of cDNA ends (RACE), 5 ug of total RNA
from human insulinoma tissue was reverse transcribed by avian myeloblastosis
virus reverse transcriptase according to the 5'/3" RACE kit procedure (Roche
Diagnostics) using an IB1-specific primer (IBSP1) (5'-ACGCCGGCTGGTGG
CCGGACTCGGCCTT-3'). The purified cDNA was then subjected to a termi-
nal transferase tailing reaction, and the deoxyribosyladenosine-tailed cDNA was
then used as a template for PCR using an oligo(dT) anchor primer provided by
the 5'/3" RACE kit plus IBSP2 (5'-ATCAGGTCCATCTGCAGCATCT-3"). A
second nested-PCR round reaction was then performed using the PCR anchor
primer (5'-GACCACGCGTATCGATGTCGAC-3") and IBSP3 (5'-GCCACA
CTCATCAGTGATC-3"). The RACE products were subcloned into the T-Easy
vector (Promega) according to the manufacturer’s protocol, and individual
clones were sequenced.

Preparation of nuclear extracts and electrophoretic mobility shift assays
(EMSA). Nuclear extracts from cells were prepared as previously described (1).
Sequences of the IB1 NRSE oligonucleotides used in the gel retardation are
those described above. Complementary sense and antisense oligonucleotides
were hybridized and then filled in by the Klenow fragment of DNA polymerase
I (Roche Diagnostics) in the presence of deoxycytosine [a->?P]triphosphate
(Amersham). Free nucleotides were separated by centrifugation through a G-50
column. For binding, 10 pg of nuclear proteins was preincubated on ice in the
presence or absence of an excess of unlabeled competitor DNA for 10 min in 20
wl of a solution containing 20 mM HEPES (pH 7.6), 0.1% Nonidet P-40, 10%
glycerol, 1 mM dithiothreitol, 2.5 mM MgCl,, 250 mM KCI, and 2 ug of poly(dI-
dC) - poly(dI-dC). Approximately 100 fmol of double-stranded labeled oligonu-
cleotides was mixed with nuclear proteins, and the mixture was incubated for 20
min on ice. For supershift assays, 5 to 10 pg of nuclear proteins was preincubated
on ice with or without a polyclonal rabbit anti-REST antibody (a generous gift
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-691 CAGCGCAGGA GGTGGAGTGT TTCTGGGTCT CAGGCAACAC ATTTGTGTTA

=641 CGTTACATTC TCACAACAAC CATGAGAGGG ACTGCTATTG TCCCATTTCA

-591 CAGATAAGAA GACCAAACCT TAGTGCTCTG AAGTCACTAA TGCAAGGCCC

=541 CACTGCCCAG TCACTTGTGG AGCCAGTGAA TTCACACCAC CTGACTCCAA

=491 ACCTGTACAC TTTAAGAGCC CACTGACATC CTCTCCTTTC TCTGCCTTCC
-441 TCCACGACCC TCCTTTTCCG CCTGCCTTCT TGGTCTCTGC TGCGGGGGGC
-391 CAACCTGGAC CTTGGGGTCC AGTGTCCTGC CATTAGTCAT CTGATACCCG
-341 GGCACTAAGC CCAACCGGAG GGACAAAGCC CACACCGGCC ACGGGGTGGA

-291 GGAGAGTCGA TGTCGGATTT AGGGCGGGGC TGAACCAAGC CCAGGGCCGC

NRSE
-241 GGGGGCCGTG GCTTCAGCAC CGCGGAGAGC GCCATCTCCG GGGGCGGGGC

-191 TGCGGGGTGG GGGCCGGGCC TGGGCGGGGC GCGCGAGACC CCGGCCGGGT
=141 CCCGGGGGCG CGCGCGGGGC GCTCTCGCCA GTCCCGCGGG CCGTGCGCGG
~91 TGATGTGCCG CGCCCTGCCA GACACAGGTG CGCCCGCCTA GCCCGAACTC
+
-41 CGCGGCGGCG GCTGCCCTCT CGCCGCGCCT CCGCCTCCTT CGCAGCCGCC
*

+10 GCCTCCTCCG CGCCGCGCTC CGCCCGGATG G

FIG. 1. Nucleic acid sequence of a fragment of the human IB1
promoter. The transcription start site (asterisk, +1) was determined by
a 5'RACE reaction and computer analysis. A putative NRSE binding
site is underlined. The ATG in boldface is the codon of translation
initiation of the IB1 protein.

from G. Mandel, Howard Hughes Medical Institute, New York, N.Y.) for 30 min
before addition of the labeled probe. Samples were loaded onto a 6% nonde-
naturing polyacrylamide gel with 0.25X Tris-borate-EDTA buffer. The gels were
fixed in a solution of 10% acetic acid and 30% methanol, dried, and exposed to
Hyperfilm-MP (Amersham).

Nucleotide sequence accession numbers. The sequence of the 731-bp fragment
of the IB1 promoter found in clone CIT304M9 was assigned GenBank accession
no. AJ304445. The mRNA sequence for the REST isoforms expressed in HeLa,
NIH 3T3, Jurkat, and RAW cells and that for REST isoforms expressed in
humans and rats have been assigned GenBank accession no. U22314 and
AF037199, respectively.

RESULTS

Identification of the IB1 promoter region. Subclones from a
BAC clone containing most of the human MAPKSIPI gene
(CIT304M9) were subjected to sequencing analysis (22). One
clone containing the first exon and part of the putative 5’
regulatory region of the gene was identified. The nucleic acid
sequence of this region is shown in Fig. 1. The initiation start
site was determined using a 5" RACE reaction with several
primers as described in Materials and Methods. For this anal-
ysis, we used as the template total RNA isolated from a human
insulinoma known to express IB1 (35). The products of the 5’
RACE reaction were cloned and sequenced. The most prom-
inent 5’ nucleotide identified the start site (bp +1 of the
sequence shown in Fig. 1). Numerous putative sequences for a
variety of transcription factors were identified within the 731
bp by computer analysis (http://bioinformatics.weizmann.ac.il
/transfac/), in particular a RE-1 silencer element (NRSE). As
shown in Table 1, the 21-bp NRSE cis element identified

MoL. CELL. BIOL.

(—229 to —209 bp) is almost identical to the consensus NRSE
sequence (29).

IB1 transcript is detected in insulin-secreting and neuron-
like cell lines but not in REST-expressing cell lines. Insulin-
secreting cell lines BTC3 (mouse) and INS1 (rat), neuron-like
PC12 (rat) cells, fibroblast-derived NIH 3T3 (mouse) cells,
carcinoma HeLa (human) cells, lymphocyte Jurkat (human)
cells, and macrophage-like RAW (mouse) cells were used as
models to study the mechanism controlling the cell-specific
expression of IB1. Total RNA was isolated and subjected to
Northern blot analysis to detect the presence of the IB1 tran-
script. As shown in Fig. 2A, IB1 transcripts were detected in
BTC3, INS1, and PC12 cells but not in HeLLa, NIH 3T3, Jurkat,
and RAW cell lines. All these cells were also analyzed for
expression of REST transcript isoforms by RT-PCR using dif-
ferent primer sets (see Materials and Methods). Primers were
designed in order to discriminate the most abundant REST
mRNA isoforms in humans, rats, and mice (26). RT-PCR
analysis of RNA from HeLa, NIH 3T3, Jurkat, and RAW cell
lines yielded only one detectable PCR fragment (Fig. 2B).
Sequence analysis of this PCR product revealed the sequences
of the REST isoforms expressed in HelLa, NIH 3T3, Jurkat,
and RAW cells to be the same as the human and rat REST
mRNA sequences. The specific expression of the human and
mouse REST mRNA encoding truncated proteins was also
investigated by RT-PCR using specific primer pairs (see Ma-
terials and Methods) designed to span exon N. No PCR frag-
ment was detected in RNA from HelLa, NIH 3T3, Jurkat, and
RAW cells (data not shown), indicating that the main tran-
script detected in these cells is the REST mRNA encoding the
nine-zinc-finger protein. RT-PCR analysis of RNA from insu-
lin-secreting BTC3, INS1, and PCI12 cells failed to detect any
transcript, as anticipated (1).

The promoter region of IB1 drives high transcriptional ac-
tivity in insulin-secreting and neuron-like cell lines but not in
unrelated cell lines. We next evaluated the transcriptional ac-
tivity of the fragment comprising bp —691 to + 41 of the
promoter region of the MAPKSIPI gene in insulin-secreting
and neuron-like cells and in unrelated cells. The IB1 promoter
region was cloned into the eukaryotic expression vector pGL3
basic (IBILUC) and transiently transfected into BTC3, INS1,
PC12, HeLa, NIH 3T3, Jurkat, and RAW cells, together with
a vector encoding the Renilla protein (pRLCMVrenilla) for
normalization. As shown in Fig. 3, this construct drove high
transcriptional activity in BTC3, INS1, and PC12 cells (13-, 11-,

TABLE 1. Sequence comparison of the Islet-brain 1 NRSE
with functional known NRSEs

NRSE* Sequence®
CONSENSUS ...cvrveerrreaeeerereeeeenseesesseseacsesnens TTCAGCACCACGGACAGCGCC
Rat SCG10....uicrieieirecieireeeieeeeciennene TTCAGCACCACGGAGAGTGCC
Human synapsin.........cceeeeveveeeeeeeeevennennns TTCAGCACCGCGGACAGTGCC
Rat NMDA 1€C T..oeerviecirinececrreecnenene TTCAGCACCTCGGACAATGCC

“ WTIBI, wild-type IB1; mutIB1, mutant IB1.
 Nucleotides that differ from the consensus are in boldface; mutated nucle-
otides are underlined.
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FIG. 2. Expression of the IB1 and REST genes in several cell lines.
(A) Northern blot analysis of IB1 and B-actin mRNAs in insulin-
secreting cells (BTC3 and INS1), in rat neuron-like PC12 cells, in
human carcinoma HeLa cells, in mouse fibroblast-derived NIH 3T3
cells, in human lymphoma Jurkat cells, and in mouse macrophage-like
RAW cells. Total RNA (15 pg) was hybridized with the human IB1
cDNA probe as described previously (4). B-Actin was used to control
the quantity of the total RNA loaded. (B) Analysis of REST expression
in BTC3, INS1, PC12, HeLa, NIH 3T3, Jurkat, and RAW cells. RT-
PCR analysis of RNA from different cell lines yielded one detectable
PCR fragment using specific primer pairs for human and mouse and
rat REST mRNA (primer pairs comprising primers 1 and 2 and 3 and
4, respectively). These primers, designed as described previously (26),
were between exon 4 and exon 6 to span the region which differs in
REST mRNA isoforms. Sequence analysis of the amplified fragment
showed that the PCR product of HeLa, NIH 3T3, Jurkat, and RAW
cells is the REST full-length ¢cDNA fragment. This band was not
detectable in BTC3, INS1, and PC12 cells. (Bottom) Ubiquitous cyto-
chrome oxidase 4 (COX4) was also amplified to control the quality of
the reverse transcription for each mRNA sample. PCR was performed
as described in Materials and Methods. —, negative control for which
no reverse transcriptase was added to the reaction.

< 1+2
«* 3+4

< COX4

and 18-fold higher than that for the promoterless pGL3 basic
vector, respectively) whereas no significant reporter gene ac-
tivities were detected in HeLa, NIH 3T3, Jurkat, and RAW
cells. These data indicate that important cis regulatory ele-
ments are present within the human IB1 promoter to confer
the B-cell-specific expression of the reporter gene.

REST binds to the NRSE of the human IB1 promoter. To
examine the REST-binding activity to the newly identified hu-
man IB1 NRSE, we performed an EMSA using nuclear ex-
tracts prepared from BTC3, INS1, PC12, HeLa, NIH 3T3,
Jurkat, and RAW cells. We also designed a mutated NRSE
oligonucleotide, described in Table 1, in which two guanine
residues in the core of the element were replaced with two
thymine residues. Mutation of these two bases was previously
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shown to alter the activity of the binding of REST to its pref-
erential NRSE binding site (20). As shown in Fig. 4A, a DNA-
binding complex from HeLa nuclear extracts is observed using
the NRSE of the IB1 promoter as the labeled probe and this
complex was supershifted in the presence of polyclonal REST
antibody. Competition experiments were conducted using a 100-
or 600-fold molar excess of unlabeled wild-type NRSE or mutat-
ed NRSE (Fig. 4B). The wild-type oligonucleotide competed
for protein-DNA interactions, whereas the mutated NRSE did
not decrease the binding of REST to the human NRSE. This
DNA-binding complex was not detected in nuclear extracts
obtained from BTC3, INS1, and PC12 cells, while this binding
pattern was detected in nuclear extracts obtained from NIH
3T3, Jurkat, and RAW cells (data not shown). These data in-
dicate that REST, present in Hela, NIH 3T3, Jurkat, and
RAW cells, is able to bind to the human IB1 NRSE and that
the endogenous REST is unable to bind to the mutated NRSE.

Transcriptional activation of the IB1 promoter mutated in
the NRSE in non-f cells. Using site-directed mutagenesis, the
NRSE of the human IB1 promoter was modified to the mu-
tated NRSE described in Table 1. Substitution of the two
nucleotides caused a loss of activity of REST binding to mu-
tated NRSE as shown in Fig. 4B. In transient transfection, the
reporter gene activity mediated by the mutated NRSE in the
IB1 promoter (mIB1ILUC) was completely relieved compared
to IBILUC activity in HeLa cells (Fig. 5). This implies that the
NRSE contributes to the repression of the IB1 promoter ac-
tivity in non-f pancreatic and nonneuronal HelLa, NIH 3T3,
Jurkat, and RAW cells.

REST represses IB1 promoter activity in 8 cells. We then
evaluated whether REST could repress IB1 promoter activity
in B cells. An expression vector encoding or not encoding
REST under the control of the RIP was transiently transfected
into the insulin-secreting BTC3 cells in the presence of the
promoterless pGL3 basic vector or IBILUC, which is wild type
or mutated (mIBILUC) in NRSE. REST significantly de-
creased the IBILUC relative activity by 50% (Fig. 6), whereas
it had no effect on the promoterless pGL3 basic vector and
mIB1LUC relative activities. These data established that
REST is able to repress the human IB1 promoter in non-
REST-expressing cell lines and that this effect is mediated
through the identified NRSE.

The IB1 NRSE acts as a silencer in a heterologous pro-
moter. Mutational analysis of the human IB1 NRSE suggested
that the NRSE motif plays a critical role in B-cell-specific
expression of IB1. To assess whether this identified motif is
also able to act as a silencer in REST-expressing cell lines, two
copies of the human wild-type or mutated NRSE motifs were
cloned upstream of a viral SV40 promoter linked to a lucif-
erase gene. These constructs were then transfected into HelLa,
NIH 3T3, Jurkat, and RAW cells. As shown in Fig. 7, the
wild-type human NRSE motif decreased the heterologous pro-
moter activity by 76, 74, 81, and 83% compared to SV40LUC
relative activity in HeLa, NIH 3T3, Jurkat, and RAW cells,
respectively. The promoter activity was partially restored in
HeLa, NIH 3T3, Jurkat, and RAW cells when the NRSE motif
was mutated.

Expression of DNREST in unrelated cells. We constructed
an expression vector encoding DNREST to evaluate whether
the repression mediated by REST could be relieved. DNREST
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FIG. 3. Transcriptional activity of the IB1 promoter region. The region of the IB1 promoter comprising bp —691 to + 41 (IBILUC) drove a
high luciferase activity in the insulin-secreting BTC3, INS1, and PC12 cells (13-, 11-, and 18-fold higher, respectively, than that for the promoterless
vector pGL3 basic) but not in unrelated HeLa, NIH 3T3, Jurkat, and RAW cells. Each experiment was repeated at least three times in triplicate.
Luciferase activities were normalized using pRLCM Vrenilla, and results are expressed as means = standard errors of the means (triple asterisk,

P < 0.001).

corresponds to human cDNA encoding only the DNA-binding
domain of REST without the two repressor domains of the
protein. As shown in Fig. 8A, the IBILUC construct was tran-
siently transfected into HeLLa, NIH 373, Jurkat, and RAW cells
in the presence or the absence of DNREST. Cotransfection of
DNREST derepressed the IB1 promoter relative activity in
transfected cells, and this effect was absent when using the
mutated NRSE (mIB1LUC). These data indicated that the
repression of IB1 promoter activity in non-f3 and nonneuronal
cells is mediated by REST and that mutation of the NRSE or
the use of DNREST allowed a complete derepression of the
IB1 promoter activity. Furthermore, cotransfection of DNREST
relieved the repression driven by multimerized NRSE in the
heterologous SV40 promoter (WTNRSE) in HeLa, NIH 3T3,
Jurkat, and RAW cells (Fig. 8B). This indicated that the de-
repression is mediated through the NRSE. It has been de-
scribed that DNREST mediates its derepression by binding to

the NRSE (7). To determine whether this mechanism occurs
for the NRSE present in the IB1 promoter, HeLa cells were
transfected with the DNREST or with the control vector. By
EMSA, a binding pattern was observed with nuclear extracts
from DNREST-transfected cells. This binding was fully com-
peted with a 600-fold excess of unlabeled wild-type NRSE but
did not compete with unlabeled mutated NRSE (data not
shown). This result indicated that DNREST binds specifically
to the NRSE of the IB1 promoter.

The IB1 transcriptional repression is TSA sensitive through
the NRSE. To assess whether the repression of IB1 promoter
activity is HDAC dependent, HeLa, NIH 3T3, Jurkat, and
RAW cells were transiently transfected with IBILUC and in-
cubated for 24 h with 100 nM trichostatin A (TSA), a specific
inhibitor of HDAC (40). The luciferase activity was signifi-
cantly relieved in all TSA-treated cell lines, HeLLa, NIH 3T3,
Jurkat, and RAW cells (Fig. 9A), indicating that the transcrip-
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molar excess of unlabeled wild-type NRSE (Wt) but not by adding unlabeled mutated NRSE (Mut). NS, nonspecific competitor.

tional repression is TSA sensitive. We investigated whether the
effect of the TSA is mediated through the NRSE within the
promoter. Then, HeLa, NIH 3T3, Jurkat, and RAW cells were
also transiently transfected with mIB1LUC in the presence of
dimethyl sulfoxide (DMSO) or TSA. As a result, we did not
observe any significant differences in luciferase activity be-
tween TSA-treated and DMSO-treated HelLa, NIH 3T3, Jur-
kat, and RAW cells when NRSE is mutated (Fig. 9B). This
suggested that the derepression induced by TSA is mediated
through the newly identified NRSE. To verify that the NRSE-
mediated repression is TSA sensitive, we transiently trans-
fected the heterologous NRSE-multimerized SV40 promoter
in HelLa, NIH 3T3, Jurkat, and RAW cells for 24 h with 100
nM TSA. The activity of the heterologous promoter was re-
stored in all TSA-treated HeLa, NIH 3T3, Jurkat, and RAW
cells (Fig. 9C). No significant effect of TSA on the SV40 or
cytomegalovirus promoter activities which are not pancreatic
or neuron selective was observed (data not shown). These data
indicate that the IB1 NRSE is a TSA-sensitive regulatory ele-
ment and that REST transcriptional repression of the IB1
promoter in nonpancreatic § and nonneuronal cells involves a
TSA-sensitive mechanism that is mediated through the NRSE.

Repression of the endogenous IB1 transcriptional activity is
relieved in TSA-treated cells. We also investigated whether
repression of the transcription of the endogenous IB1 gene

could be relieved in REST-expressing cells after TSA treat-
ment since IB1 promoter activity was relieved in TSA-treated
cells. To perform this experiment, total RNAs from HeLa,
NIH 3T3, Jurkat, and RAW cells treated or not with TSA were
analyzed by RT-PCR for expression of the IB1 transcript using
an IB1-specific primer set. As shown in Fig. 10, the reaction
yielded a PCR fragment detectable only in cells treated with
TSA, not in untreated cells. This observation was consistent
with previous observations on the IB1 promoter performed by
transient transfection assays, indicating that deacetylase activ-
ity is required for the repression of endogenous MAPKSIPI
gene transcription.

DISCUSSION

The present study provides new insight into the transcrip-
tional mechanisms which control the cell-specific expression of
the IB1 gene. First, we identified a fragment of the human IB1
promoter which drives high transcriptional activity in a pan-
creatic B and neuron-like cell lines but not in unrelated cell
lines. Second, we identified an NRSE within this fragment of
promoter which binds transcription factor REST. Third, REST
was shown to silence IB1 promoter activity in non-3 cell lines.
Fourth, expression of DNREST relieved the repression of IB1
transcriptional activity driven by REST. Fifth, trichostatin re-
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promoter containing mutated or wild-type NRSE, mIB1LUC and IB1LUC, respectively, was transiently transfected into REST-expressing HeLa,
NIH 3T3, Jurkat, and RAW cells. The luciferase activity was relieved in all these cells with mIB1LUC. Each experiment was performed at least
three times in triplicate. Luciferase activities were normalized using pPRLCM Vrenilla, and results are expressed as means *+ standard errors of the

means (triple asterisk, P < 0.001). RLU, relative light units.

lieved endogenous IB1 transcriptional activity through the
NRSE in REST-expressing cells. The results of our study es-
tablish a critical role for REST in the control of the preferen-
tial pancreatic and neuronal expression of the IB1 gene.

It has been described that REST silences, in nonneuronal
and nonpancreatic 3 cells, a subset of neuronal genes which
are also detected in pancreatic 3 cells such as SCG10, synapsin
I, the brain type II voltage-dependent sodium channel, and the
dopamine B-hydroxylase genes (1). These authors (1) pro-
posed that identical mechanisms control the expression of neu-
ronal genes in pancreatic B cells. Herein, we confirm that
REST is a potent repressor that contributes to the preferential
expression of IB1 in both tissues. One possible mechanism
would be that REST silences IB1 gene transcription through

histone acetylation, suggesting that a mechanism involving
chromatin remodeling regulates the expression of IB1 in both
neuronal and B-pancreatic cells. In our model, this seems likely
since the IB1 transcriptional activity was relieved in all TSA-
treated cells. These data showed that deacetylase activity is
required for the repression of IB1 gene transcription by REST.
To mediate the repression, REST may recruit the deacetylase
activity and mSin3 by a mechanism similar to that previously
described by others (15, 40). Thus, REST-induced hypoacety-
lation around the NRSE could change the local nucleosomal
structure and therefore could have a direct effect on TFIID-
RNA polymerase II holocomplex access to the IB1 promoter.
Indeed, the NRSE at the IB1 promoter is located only 229 bp
upstream of the transcription start site, and so local changes to

pGL3 basic
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B RIPREST

IB1LUC

L
L

-1,

mIB1LUC [T

o 4

2

4

Normalized relative activity RLU/ pRLCMV (10 %)

FIG. 6. REST represses IB1 promoter activity. IBILUC and mIB1LUC constructs were cotransfected in the insulin-secreting cell line (BTC3),
with REST expression vector RIP REST (under the control of the RIP) or the empty RIP vector as a control. The luciferase activity of IBILUC
was decreased by 50% in REST-expressing cells, whereas REST expression had no effect on mIBILUC activity. Each experiment was performed
at least three times in triplicate. Luciferase activities were normalized using pRLCM Vrenilla, and results are expressed as means * standard errors

of the means (asterisk, P < 0.05). RLU, relative light units.
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WTNRSE and MUTNRSE, respectively, were cloned as dimers upstream an SV40 promoter. Constructs were then transiently transfected into
HeLa, NIH 3T3, Jurkat, and RAW cells. WITNRSE activity is markedly decreased in all these cells compared to the basal activity of SV40LUC.
The mutation in NRSE partially restored the activity of the MUTNRSE promoter. Luciferase activities were normalized using pRLCM Vrenilla.
Each experiment was performed at least three times in triplicate. All values are expressed as percentages of the SV40LUC activity and are means +

standard errors of the means (triple asterisk, P < 0.001).

nucleosomal structure may affect the basal trancriptional com-
plex.

However, REST repression may be insufficient to control
the cell-specific expression of IB1. Consistent with this, we
showed that cotransfection of the IB1 promoter containing
mutated NRSE or the use of DNREST was unable to relieve
entirely the luciferase activity to a level comparable to that
seen in B cells. This was also confirmed by the fact that the IB1
transcript was not detectable by Northern blotting in TSA-
treated cells (data not shown). These data suggest that non-B
and nonneuronal cells are lacking (or express at very low lev-
els) some trans-acting factors which are present in  and neu-
ronal cells and are critical to achieve high transcriptional ac-
tivity of the IB1 gene.

Although the expression of the IB1 gene has been shown to
be mainly detected in neuronal and pancreatic 8 cells, several
reports, including ours, have described low levels of IB1 tran-
scripts in some tissues such as testis and kidney tissues (2, 9, 22,
34), where REST transcripts have been detected (25). One
explanation for this observation would be that these cells dis-
play a low level of REST expression which is sufficient to
decrease IB1 gene expression. In accordance with this model,

it was described that REST, which controls synapsin I gene
expression, is coexpressed in neuroblastoma cell lines and that
the levels of REST expression were inversely proportional to
the levels of synapsin I mRNA. In this model, an increased
expression of synapsin I was directly correlated with decreased
expression of REST (23). Alternatively, the MAPKSIPI gene
could be regulated by other REST isoforms since different
REST alternative transcripts could reduce the repressor effect
of REST upon a cell context (32).

By controlling IB1 gene transcription, REST may contribute
indirectly to the temporal and spatial regulation of apoptosis,
proliferation, or differentiation of neuronal and pancreatic 8
cells. IB1 was shown to interact with several components of
JNK signaling, such as mitogen-activated protein kinase 7
(MAPK?7), mixed-lineage 3 (MLK3), dual leucine zipper-bear-
ing kinase (DLK), and JNK1 and JNK2 (3, 38, 39). By acting as
a scaffold protein, IB1 modulates JNK activity. As mentioned,
this activated cascade could promote either cell survival, cell
death, or differentiation (8, 16). We propose that REST con-
trols IB1 gene transcription to maintain a high or low basal
JNK activity. Interestingly, using DNREST, Lawinger and co-
authors have recently shown that medulloblastoma cells are
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FIG. 10. Endogenous IB1 gene expression is relieved in TSA-
treated cells. Total RNAs from HeLa, NIH 3T3, Jurkat, and RAW
cells treated in the presence of DMSO (—) or 100 nM TSA (+) were
analyzed for IB1 gene expression by RT-PCR using specific primer
pairs as described in Materials and Methods. RNA from BTC3 cells
was used as a positive control for IB1 gene expression. In REST-
expressing cells, the PCR yielded one PCR fragment detected only in
the presence of TSA-treated cells.

more sensitive to apoptosis and undergo a more pronounced
differentiation when REST is inactivated (19). This observa-
tion could be related to a modulation of IB1 gene expression.
In vivo, the selective disruption of REST in mice leads to
malformation in several nonneuronal tissues, as well as apo-
ptosis and embryonic lethality. In addition, expression of sev-
eral REST target genes was derepressed in nonneuronal tis-
sues and in neuronal progenitors in these mice. IB1 could be
one of these derepressed genes which may in turn contribute to
the observed phenotype.

Among genes which are linked to a direct pancreatic B-cell
function, the IB1 gene is the first found to be regulated by
REST. Indeed, the function of neuronal genes regulated by
REST in pancreatic 3 cells remains unclear. However, genes
such as BETA2/NEURODYI, Islet-1, Pax4, Pax6, Nkx2.2, Brn4,
and neurogenin 3 genes, which are all essential for endocrine
pancreas development, are also found to be predominantly
expressed in neuronal cells (10, 11, 13, 14, 21, 28, 30, 31).
Although we failed to identify any NRSE in the known se-
quences of these genes by computer analysis because the pro-
moter regions of these genes were not (or partially) identified
or not published, a REST-mediated regulation of the expres-
sion of these genes remains possible. Moreover, REST is able
to mediate repression through an NRSE, even one located far
upstream in the promoter or conversely in intronic sequences
(29). A fine characterization of the coding, intronic, and reg-
ulatory regions of these genes is required to allow the identi-
fication of some putative NRSEs. If functional NRSEs
are identified, REST could contribute to endocrine cell fate
as observed for the transcriptional repressor hairy of splitl
(HES1), a general repressor of basic helix-loop-helix factors
(17). The mouse deficient in HES1 displayed a severe pancre-
atic hypoplasia caused by depletion of pancreatic epithelial
precursors (17). Subsequent work will be required to evaluate
whether REST contributes to the pancreatic development. The
understanding of the mechanism leading to the development
of mature insulin-secreting cells is critical for the engineering
of precursor endocrine cells, which could be an unlimited
source of insulin-secreting cells for transplantation purposes.

In conclusion, we show that REST is a critical transcriptional
factor that contributes to the cell-specific expression of the
human IB1 gene. We propose that this modulation might be
implicated in the differentiation of the endocrine pancreas
and/or the central nervous system and/or in tumorogenesis.
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