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Metabotropic glutamate receptor 1 (mGlul) has a discrete
distribution in the central nervous system restricted to neurons.
Its expression undergoes important changes during develop-
ment and in response to physiological and pathological modifi-
cations. Here, we have determined the structure of the mGlul
gene and demonstrated that mGlul transcription takes places at
alternative first exons. Moreover, we have identified active pro-
moter regions upstream from the two most expressed first exons
by means of luciferase reporter gene assays performed in pri-
mary cerebellar granule neurons. Targeted mutations of active
elements constituting the core promoter and electrophoretic
mobility shift assays demonstrated that the factors thyroid tran-
scription factor-1 and CCAAT/enhancer-binding proteins 3 act
synergistically to promote mGlul transcription. We have also
elucidated the molecular bases for the neuron-specific expres-
sion of mGlul identifying a neural restrictive silencing element
and a regulatory factor for X box element, which suppressed
mGlul expression in nonneuronal cells. These results reveal the
molecular bases for cell- and context-specific expression of an
important glutamate receptor critically involved in synapto-
genesis, neuronal differentiation, synaptic transmission, and
plasticity.

Specific strategies mediating positive gene regulation or
repression are required to generate tissue and cell type diver-
sity. Among the tissues composing higher organisms, the cen-
tral nervous system appears characterized by the highest com-
plexity in terms of specialization and cell subtypes. To
understand how the interplay of multiple transcription factors
regulates cell-specific expression of neuronal genes, it is critical
to define regulatory sequence elements in specific promoters of
genes with a well characterized anatomical profile.

Glutamate is the primary excitatory neurotransmitter in the
mammalian central nervous system, where it plays a critical
role in neuronal differentiation, synaptic transmission, and

plasticity through the activation of ionotropic and metabo-
tropic (mGlu)? receptors (1). The significance of genetic con-
trol over glutamatergic transmission is underscored by the tem-
poral and cell-specific expression of its receptors in the
developing and mature brain.

In the last decade, many efforts have been directed at analyz-
ing the promoter(s) of glutamate receptor genes (2-7), yet for
most of them a precise identification of the cis-regulatory ele-
ments and cognate transcription factors mediating tissue-spe-
cific and stimulus/context-dependent expression is still
missing.

To date, eight mGlu subtypes have been cloned and divided
into three groups according to their sequence homology, intra-
cellular coupling, and pharmacological properties (8). The
mGlul gene (GrmlI) shows a discrete distribution in the brain,
including the cerebellum, hippocampus, and olfactory bulbs,
predominantly restricted to neurons (9). Four alternatively
spliced isoforms of mGlul have been identified (10-12), each
displaying area- and cell-specific expression (13—15). Several
physiological and pathological conditions are characterized by
important changes in both mGlul mRNA and protein levels. A
progressive increase of mGlul expression occurs during devel-
opment (16), and Cajal-Retzius cells, which regulate neuronal
migration during cortical development, were shown to display
mGlula expression from E18 to P10 (17). The importance of
regulating mGlul is also emphasized by the observation that
mice lacking this receptor develop a severe motor impairment,
have altered synaptic plasticity (18), and maintain a multiple
innervation of cerebellar Purkinje cells by climbing fibers (19).
Moreover, ectopic expression of mGlul in both mouse and
human melanocytes has been implicated in melanoma-genesis
and metastasis (20).

Chromosomal mapping of Grm I was achieved in rats (1p13)
and humans (6q24) (21, 22), whereas in mice it was mapped to
chromosome 10 band al by transcript mapping (available on
the World Wide Web at www.ncbi.nlm.nih.gov/unigene).
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TABLE 1
Constructs used in luciferase reporter gene assays
Construct Sequence (relative to first TIS) Source Vector

—2097/Exla —2097/+108:1501/+1819 PAC library, CRB cDNA pGL3-basic
—1108/ExIa —1108/+108:1501/+1819 PAC library, CRB cDNA pGL3-basic
—599/Exla —599/+108:1501/+1819 Restriction enzyme digestion (Olil) pGL3-basic
—123/ExIla —123/+108:1501/+1819 Restriction enzyme digestion (BstEII) pGL3-basic
—68/ExIa —68/+108:1501/+1819 Deletion by PCR pGL3-basic
—11/Exla —11/+108:1501/+1819 Restriction enzyme digestion (Spel) pGL3-basic
—1108/—123:—11/ExIa —1108/—123:—11/+108:1501/+1819 Restriction enzyme digestion (Bstell/Spel) pGL3-basic
+895/ExII +895/+1819 PAC library pGL3-basic
+1088/ExII +1088/+1819 PAC library pGL3-basic
—1108/Grm1 —1108/+1819 PAC library pGL3-basic
+478/+899/SV40 +478/+899 Grm1(—1108) pGL3-promoter

However, neither the 5'-structure nor the transcriptional acti-
vators and repressors of Grm1 have yet been uncovered.

In this work, we have determined the structure of GrmI and
demonstrated that its transcription is initiated at different
alternative first exons. Moreover, we have identified both pos-
itive and negative regulatory sequence elements responsible for
neuron-specific expression of mGlul. We established a syner-
gistic role of the transcription factors thyroid transcription fac-
tor (TTF)-1 and CCAAT/enhancer-binding protein B
(C/EBP) to promote mGlul transcription. On the other hand,
the neural restrictive silencing factor (NRSF)/RE-1-silencing
transcription factor and the regulatory factor for X box (RFX)
produced transcriptional inactivation of GrmI in nonneuronal
cells. These results reveal the molecular bases for cell- and con-
text-specific expression of mGlul and may provide a key to
understand the mechanism(s) responsible for altered regula-
tion of mGlul expression in pathological conditions, such as in
melanocytic neoplasia (20).

EXPERIMENTAL PROCEDURES

5'-Rapid Amplification of cDNA Ends (RACE)—The tran-
scription initiation sites (TISs) of the human and mouse mGlul
gene were determined by 5'-RACE using whole mouse brain
and human hippocampal and cerebellar Marathon-Ready
c¢DNA (Clontech). Two rounds of PCR were performed for each
of the 5'-RACE. Sequences and annealing temperatures of
primers are shown in supplemental Table 1. Oligonucleotides
were purchased from Microsynth GmbH (Balgach, Switzer-
land). Taq polymerase was purchased from Promega. PCR
products were subcloned into the pCR2.1-TOPO vector
(Invitrogen) and sequenced by a dye terminator cycle sequenc-
ing reaction (Microsynth).

RNA Extraction, RNase Protection Assay, and Reverse Tran-
scription (RT)-PCR—Total RNA from different adult male
mouse (C57Bl/6) brain areas or from NIH-3T3 cells was
extracted using Trizol (Invitrogen), according to the product
specifications.

RNase protection assays were performed using the RPA III
kit (Ambion), as previously described (6). Probe exon Ia encom-
passed exons la and II (bp +1/+108 and +1501/+1656, where
+1 corresponds to the most 5 TIS in exon Ia). Probe Il encom-
passed exon II (bp +1266/+1656). A probe encoding for actin
was used as control. RNA Century Marker Plus Template Set
(Ambion) was used to generate a radiolabeled molecular weight

ladder.
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First strand cDNAs were obtained by reverse transcription,
performed on 5 ug of total RNA according to Superscript II
reverse transcriptase (Invitrogen) specifications, primed either
with random hexamers or with a gene-specific primer
(mGRM1I_rev_05). Oligonucleotide primers (Microsynth
GmbH) used for the detection of mGlul alternative first exons,
mGlulaand -Bisoforms, and B-actin are listed in supplemental
Table 1.

Reporter Gene Constructs and Mutagenesis—Reporter gene
constructs were prepared by subcloning of DNA fragments
obtained from restriction enzyme digestion and/or PCR ampli-
fication of PAC clones or, when necessary (e.g. to obtain exonic
DNA sequences), of a cerebellar cDNA library. The mouse
genomic DNA PAC library RPCI21, spotted on nylon mem-
branes (Human Genome Mapping Project Resource Centre,
UK), was screened by hybridization with a radiolabeled probe
(Highprime kit (Roche Applied Science) and Redivue
[@-3?P]dCTP (Amersham Biosciences), ~3000 Ci/mmol), cor-
responding to the Kpnl-Sacll restriction fragment of the rat
mGlul cDNA sequence (accession M61099) sharing 99% iden-
tity with the homologous mouse sequence. The identified
clones were confirmed by means of PCR (supplemental Table
1). Constructs used in reporter gene assays are listed in Table 1.
Oligonucleotide primers used for the generation of the con-
structs are listed in supplemental Table 1. Promoter regions
were subcloned into Kpnl/Xhol sites of the reporter vectors
pGL3-basic or pGL3-promoter (Promega). Constructs used for
the deletion scan analysis were obtained by mutating short
intervals of 15-20 bp to an EcoRI restriction site in the con-
struct ExIa(—123). Constructs —1108/ExIa/TATAm, —1108/
ExIa/INIm, —1108/ExIa/T-Im, —1108/Grml1/NRSEm, and
+895/exII/RFXm were generated introducing specific muta-
tions by means of the QuikChange II site-directed mutagenesis
kit (Stratagene). All constructs were sequenced by a dye termi-
nator cycle sequencing reaction (Microsynth).

Cell Cultures and Transfections—Baby hamster kidney fibro-
blasts (BHK) were cultured in Dulbecco’s modified Eagle’s
medium/Ham’s F-12 medium plus Iscove’s modified Eagle’s
medium (1:1) (PAA Laboratories), supplemented with 10% fetal
calf serum, 2 mm glutamine, 100 units/ml penicillin, and 100
pg/ml streptomycin (Invitrogen), maintained at 37°C in a
humidified 5% CO, atmosphere. NIH-3T?3 fibroblasts were cul-
tured in Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented with 10% fetal calf serum, 2 mM glutamine, 100
units/ml penicillin, and 100 pg/ml streptomycin (Invitrogen),
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maintained at 37 °C in a humidified 10% CO, atmosphere. In
selected experiments, cells were treated with trichostatin A
(TSA) (Sigma).

Reporter gene constructs were transfected into BHK fibro-
blasts by means of JetPEI (Qbiogene). Two days after transfec-
tion, cells were processed for a luciferase assay. To normalize
for the transfection efficiency, a plasmid encoding the Renilla
reniformis luciferase was co-transfected in a 1:50 ratio. Either
pRL-SV40, encoding for the SV40 promoter, or pRL-TK,
encoding for the thymidine kinase promoter, was used (Pro-
mega). pRL-TK plasmid was used to analyze the neural restric-
tive silencer element (NRSE), since we repeatedly observed that
co-transfection of pRL-SV40 with constructs encoding NRSE
always resulted in a ~80% reduction of Renilla luciferase activ-
ity. Conversely, constructs carrying a specific mutation of
NRSE did not have any effect on pRL-SV40 activity. The induc-
tion of Renilla luciferase by pRL-TK was unaffected.

Primary cerebellar granule cells (CGCs) were obtained from
P8 mouse pups as previously described (23). Briefly, cerebella
were dissected and minced in Krebs-Ringer buffer and subse-
quently treated with 50 ug/ml trypsin, 1 mm EDTA for 20 min
at 37 °C. Cells were recovered in complete medium (basal
medium Eagle’s supplemented with 10% fetal calf serum, 10%
horse serum, 2 mm glutamine, 0.1% glucose, 25 mm KCI, 100
units/ml penicillin, 100 pg/ml streptomycin) and resuspended
at 10® cells/ml before electroporation (EasyjecT Plus electropo-
rator; Equibio). Cells were electroporated (2-mm cuvette, 1250
V/cm, 25 microfarads, 99 ohms, 2.47 ms) with 3 ug of DNA and
incubated for 10 min at room temperature. The pRL-SV40 plas-
mid was co-transfected in a 1:20 ratio. Cells were plated into
35-mm Petri dishes at a density of 3 X 10°/cm?. After 24 h, 10
uM 1-(B-p-arabinofuranosyl)-cytosine (Sigma) was added. Two
days after seeding, cells were processed for the luciferase assay.

Luciferase Assays—Firefly and Renilla luciferase expression
levels were quantified by means of the Dual-Glo luciferase assay
system (Promega), according to the manufacturer’s specifica-
tions. Light emission was measured using a 5-s time frame with
a Centro LB 960 luminometer (Berthold Technologies). Results
are presented as mean * S.E. Statistical analysis was performed
by one-way ANOVA followed by Bonferroni’s post hoc test. The
confidence limits at the 5% level were considered statistically
significant.

Immunofluorescence—Immunoreactivity for mGlula was
analyzed in CGCs after 6 days in culture by immunofluores-
cence. Electroporation transfection rate was assessed by trans-
fecting CGCs with pEGFP-N2 plasmid (Clontech). Cells were
washed with phosphate-buffered saline, fixed 30 min at room
temperature with a ~0.2% picric acid, 4% paraformaldehyde
solution made in 0.1 M phosphate buffer. After extensive
washes with Tris-buffered saline, cells were incubated for 1 hin
blocking solution (20% horse serum, 0.1% Triton X-100 in Tris-
buffered saline) and then overnight at 4 °C with primary anti-
bodies (rabbit polyclonal anti-mGlula (1:500; Diasorin) and
rabbit polyclonal anti-GFP antibody (1:1000; Molecular Probes,
Inc., Eugene, OR) made up in 1% horse serum, 0.1% Triton
X-100 in Tris-buffered saline. Immunoreactivity was visual-
ized using donkey anti-rabbit secondary antibodies (1:1000)
conjugated to the fluorochrome Alexa 488 (Molecular
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TABLE 2
Oligonucleotides used for electrophoretic mobility shift assays
Double-stranded DNA

Sequence (5'-3")

oligonucleotide
Probe E1 TTTCCCTTGCGGTATAATAG
Probe E2 ATAGTGTTGAAGAAAGAGGG
Probe E1m TTTTCCCGAATTCTAATAGT
Probe E2m AATAGTGGAATTCAGAGGGC
C/EBPcons TGCAGATTGCGCAATCTGCA
TTE-1 CTGCCCAGTCAAGTGTTCTT
Steroidogenic factor-1 AAGGCTCAAGGTCACAGACA
REX-Grm1 CAGGCGTTGCCTTAGTAACTAATAT
RFX-MAP1A CGGCGTTGCCATGGAGACAACTGGC

Probes). Cell nuclei were stained by incubating with 2 ug/ml
4',6-diamidino-2-phenylindole.

Electrophoretic Mobility Shift Assay (EMSA)—In order to
extract nuclear proteins, BHK cells were rinsed with cold phos-
phate-buffered saline containing 1 mm sodium orthovanadate,
harvested, and resuspended in buffer A (10 mm Hepes, pH 7.9,
10 mm KCl, 1.5 mm MgCl,, 0.5 mm EDTA, 0.5 mm EGTA, 0.6%
Igepal CA630) supplemented with protease and phosphatase
inhibitors (1 ug/ml aprotinin, leupeptin, chymostatin, antipain,
bacitracin, pepstatin A, 10 ug/ml bestatin, 0.5 mm phenylmeth-
ylsulfonyl fluoride, 1 mm sodium orthovanadate, 50 mm NaF, 5
mM sodium pyrophosphate). After 5 min on ice, cells were cen-
trifuged for 10 min at 800 X g, at 4 °C. The pellets, containing
the cell nuclei, were then resuspended in buffer C (20 mm
Hepes, pH 7.9, 420 mm KCl, 1.5 mm MgCl,, 0.5 mm EDTA, 10%
glycerol) with inhibitors and incubated 30 min on ice. After a
centrifugation at 11,000 X g for 15 min at 4 °C, the supernatant
was collected and frozen in liquid nitrogen. C57Bl/6 mouse
cerebella were homogenized in a potter (Potter S; Sartorius) in
buffer A without Igepal CA630. After five homogenization
strokes, Igepal CA630 was added to a final concentration of
0.5%, followed by five additional strokes. Homogenates were
incubated for 10 min and centrifuged at 11,000 X g for 1 min at
4. °C. Pelleted nuclei were resuspended in buffer C and incu-
bated for 15 min on ice. After a further centrifugation step, the
supernatant was collected and frozen in liquid nitrogen.

Specific probes for EMSA were purchased as single-stranded
oligonucleotides (Microsynth GmbH; listed in Table 2). After
annealing, 5 pmol of double-stranded DNA oligonucleotide
were labeled with [y-*?P]JATP (800 Ci/mmol; Amersham Bio-
sciences) using T4-PNK (Promega) and purified by means of
Sephadex G-25 Quick Spin columns (Roche Applied Science).

Nuclear extracts (2—10 pug) were preincubated 15 min at room
temperature (30 min in supershift experiments) in binding buffer
(10 mm HEPES, pH 7.9, 50 mMm KCl, 5 mm MgCl,, 0.2 mm EDTA,
0.1 mm EGTA, 1 mwm dithiothreitol, 5% glycerol) with 0.5-1 ug of
poly(dI-dC) (Amersham Biosciences) in a final volume of 15 ul. In
competition experiments, an exceeding amount (40 pmol) of unla-
beled double-stranded DNA oligonucleotides was used. In super-
shift experiments, 5 ug of specific antibodies (C/EBPa 14AA,
C/EBPBC-19, and C/EBP8 C-22; Santa Cruz Biotechnology) were
added. Subsequently, 5 X 10° cpm of radiolabeled probe were
added and incubated 15 min at room temperature. DNA-protein
complexes were resolved onto a 5% polyacrylamide gel for at least
1.5 h, allowing the unshifted probe to be eluted from the gel. The
gel was dried and exposed for autoradiography using Eastman
Kodak Co. BioMax MR films.
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FIGURE 1. Characterization of Grm1 TISs, genomic structure, and analysis of alternative first exon expression. A, annealed sequences of human and
mouse Grm1 exon la, as obtained by 5’-RACE and public sequence data bases. The digits associated with nucleotides indicate the number of 5'-RACE clones
starting at that position. The height of histograms is proportional to the number of clones. The start positions of known cDNAs or expressed sequence tags are
indicated by their accession number or reference. Splice donors are indicated in boldface type. B, RNase protection assay. Multiple protected bands are
generated by probes encoding exon la and I, whereas a single band is generated by the control B-actin probe (filled arrowheads, lanes 1, 3, and 5). Undigested
probes are shown (open arrowheads). A high molecular weight self-annealing product (asterisk, lane 2) was produced by the undigested exon la probe, which
however did not produce nonspecific bands due to self-protection (lane 7). C, complete genomic structure of mouse and human Grm1, based on 5’-RACE data
and public genomic, cDNA, and expressed sequence tag sequences. Alignments were performed by BLAST 2.0. Protein coding regions and 5’- or 3'-untrans-
lated regions are indicated by open and gray boxes, respectively. Constitutive and alternative splicing are indicated by filled and dashed lines, respectively. The
size of exons is given in bp and in kbp (in italic type) for introns. D, regional distribution of Grm1 transcripts generated from alternative first exons. The
experiments shown are representative of at least four replicates. OB, olfactory bulb; CTX, cortex; HIP, hippocampus; AMY, amygdala; STR, striatum; CRB,

cerebellum.

Chromatin Immunoprecipitation (ChIP) Assay—Chromatin
immunoprecipitation was performed using the Upstate ChIP
assay kit and anti-NRSF antibody (catalog number 07-579;
Upstate Biotechnology). NIH-3T3 cells were fixed for 10 min at
37 °C in 1% formaldehyde. Cells were then washed twice with
phosphate-buffered saline with protease inhibitors (1 mm
phenylmethylsulfonyl fluoride, 1 ug of aprotinin, 1 ug/ml pep-
statin A), resuspended in lysis buffer (Upstate Biotechnology)
with inhibitors, incubated for 10 min on ice, and sonicated with
a Branson Sonifier Cell Disruptor B-30. Shearing of DNA in
200-1000-bp fragments was assessed by electrophoresis. For
ChIP assays on tissue, C57Bl/6 male mice were perfused tran-
scardially for 10 min with 1% paraformaldehyde made in 0.1 m
phosphate buffer. Tissue samples (30 mg) were dissected,
washed twice in phosphate-buffered saline with protease inhib-
itors, and homogenized. Dissociated cells were resuspended in
lysis buffer with inhibitors and sonicated as described above.
The ChIP procedure was then carried out according to the
manufacturer’s specifications. Immunoprecipitated genomic
DNA was analyzed by PCR (supplemental Table 2).
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RESULTS

Genomic Structure of GrmI—The 5'-extent of mGlul tran-
scripts was determined by 5'-RACE on mouse whole brain and
human cerebellar and hippocampal poly(A) " RNA. For each reac-
tion, 120 clones were sequenced. The results of the 5-RACE
experiments are summarized in Fig. 1 and in supplemental Fig. 1.
In both species, the vast majority of TIS clustered onto two differ-
ent exons that we named exon Ia and exon II (Fig. 1, A and C;
supplemental Fig. 1). In exon Ia of both species, two alternative
splice donor sites were identified, which were located in mouse
Grml at +108 and +188 downstream from the most 5'-TIS (+1);
the relative usage of these alternative splice sites was 92 and 8%,
respectively. Exon II, which contains the ATG codon for the initi-
ation of translation, extended by 552 bp atits 5'-end from the ATG
in mouse, hence 233 bp upstream from the known splice acceptor
site. Two additional alternative first exons, represented by two sin-
gle clones obtained from the mouse whole brain 5'-RACE, were
identified and named Ib and Ic (Fig. 1C; supplementary Fig. 1).

The existence of multiple transcription initiation sites within
exons la and II was confirmed by RNase protection assays per-
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FIGURE 2. In silico analysis of Grm 1 putative promoters. A, phylogenetic shadowing of Grm1 5'-region from Bos taurus, C. familiaris, Macaca mulatta, Homo
sapiens, Pan troglodytes, R. norvegicus, and M. musculus (reference sequence), as obtained by Mulan, setting ECR length at=30 bp and conservation at =70%.
ECR-b encompasses a (GT),, repeat. B, alignment of ECR-a, containing several putative transcription factor binding sites. C, alignment of ECR-c, encoding a

putative NRSE. D, alignment of ECR-d, encoding a putative RFX element.

formed on total mouse cerebellar RNA (Fig. 1B). Two specific
cRNA probes were used. The first encompassed the whole exon
Ia and part of exon II up to the ATG, joined at the most used
splice site; the second probe encoded exon II from its 5'-end up
to the ATG. Several RNase-protected fragments were detected
by both Grm1 exon Ia and exon II probes, consistent with the
different mRNA forms identified by 5'-RACE (Fig. 1B). The
undigested probe for exon Ia displayed self-annealing proper-
ties, producing a second high molecular weight band (Fig. 1B).
However, no nonspecific products due to self-protection were
detected when the probe was incubated with unrelated yeast
tRNA.

We determined the exon/intron arrangement of mouse,
human (Fig. 1C; supplementary Fig. 2), and rat (not shown)
Grml by in silico analysis of our 5'-RACE data and public
genomic, cDNA, and expressed sequence tag sequences (Fig.
1C; supplemental Fig. 2). The human GRM I was found to span
~410 kbp and to consist of 10 exons varying from 85 (exon IX)
to 3724 bp (exon X) in length (Fig. 1C). Intron/exon splice junc-
tions conformed to the GT-AG rule of splice donor/acceptor
sites (supplemental Fig. 2). Comparison of GrmI in the three
species revealed a highly conserved structure in terms of exon/
intron organization, size, and sequence identity (supplemental
Fig. 2). However, a divergence between human and rodents was
the absence in the former of exon E55 (Fig. 1C) (12). The inser-
tion between exons III and IV of the alternatively spliced exon
E55, which contains an in-frame stop codon, generates a tran-
script that probably encodes for a truncated protein corre-
sponding to portion of the extracellular domain of mGlul (12).
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The degree of identity between mouse exons Ib and Ic and the
corresponding human genomic regions was relatively high (93
and 63%, respectively), but no 5'-RACE clones starting within
these exons were found in human samples. The low number of
5'-RACE clones found for these exons suggests a very low
and/or highly restricted expression.

We then investigated the regional expression of mGlul
mRNA isoforms, starting from the different Grm1I first exons,
by RT-PCR analysis (Fig. 1D). Expression of transcripts starting
within exons Ia and II was detected in all brain areas analyzed,
consistent with the 5'-RACE data and confirming a prominent
expression of these mRNA forms (Fig. 1D). Conversely, exons
Ib and Ic were found mainly expressed in cerebellum, whereas
they were hardly detectable in other areas (Fig. 1D).

A phylogenetic shadowing and multiple alignment on ~5 kb
of genomic DNA upstream from the Grm 1 translational start
site of seven different mammalian species was performed using
the Mulan and MultiPipMaker software (24, 25). Several evolu-
tionary conserved regions (ECRs) were identified, which might
encode for transcription-regulatory elements (Fig. 24). The
highest level of conservation was found to correspond to puta-
tive promoter regions located upstream from first exons.

The identification by 5'-RACE, both in human and mouse, of
different mGlul mRNAs encoded by alternative first exons,
strongly suggested the existence of alternative promoters. In
silico analysis of Grml putative promoter regions by means of
the rVISTA software (26) revealed 249 putative transcription
factor binding sites conserved in four species (Mus musculus,
Rattus norvegicus, Canis familiaris, and Homo sapiens) and dis-
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playing relatively high scores (matrix similarity =0.80 and core
similarity =0.95; see supplemental Table 2). Some of these ele-
ments were of particular interest for the identification of key
cis-regulatory elements for mGlul transcription. Within the
ECR-a, a TATA box and an Initiator element (Fig. 2B) were
found with optimal interspacing and distance from the TIS (27),
hence suggesting that these two elements constitute the GrmI-
exon Ia core promoter. Additional elements, such as two
C/EBPs, the steroidogenic factor-1 and the TTE-1, were also
identified and might represent alternative transcriptional mod-
ules (Fig. 2B). No obvious core promoter elements were found
upstream from exon II, even if a putative TATA box (+1048/
+1057) was present 218 bp upstream from the first TIS within
exon II. Although the typical distance between a TATA box and
the TIS ranges between 31 and 26 bp, active TATA boxes were
found farther upstream (28). Similarly to exon II, no obvious
core promoter elements were identified upstream from exons
Ib and Ic.

We found a highly conserved NRSE in the intronic region
corresponding to ECR-¢, between exons Ib and Ic (positions
+687/+707; Fig. 2C). NRSE is present in several genes selec-
tively expressed in neurons (29); hence, it could control the
specific neuronal expression of mGlul. A conserved RFX bind-
ing site was also identified in the intronic region between exons
Ic and II at +951/+968 (Fig. 2D). We judged this element of
particular interest, since it was recently reported to participate
in cell-specific expression of neuronal genes (30, 31).

Finally, a conserved (GT),, simple repeat was found at posi-
tion +539, between exons Ib and Ic. These repeats are known to
influence gene transcription by assuming a Z-DNA conforma-
tion, thus altering the DNA looping properties (32).

Functional Analysis of Mouse Grml Promoter Activity—We
performed luciferase reporter gene assays subcloning the 5'-in-
tronic regions flanking exons Ia and II of mouse Grm I into the
pGL3-basic vector. To obtain the template for the subcloning,
we screened the mouse genomic DNA PAC library RPCI21 and
identified four clones (390C5, 475121, 613N10, and 649K24)
containing the 5’ region of Grml. Upon transient transfection,
the transcriptional activity of these constructs was tested in
primary mouse cerebellar granule cells and in BHK fibroblasts
asreference. This neuronal preparation has been largely used as
a model to analyze mGlul signaling and pharmacological pro-
file (33, 34). Moreover, CGCs have the great advantage over
other primary neuronal cultures of being relatively homogene-
ous, since >80% of the cells are granule neurons. Despite the
extensive use of CGCs to investigate biochemical and pharma-
cological properties of mGlul, no detailed analysis of the
expression of this receptor in these cells has ever been per-
formed. We assessed the localization of mGlule in cultured
CGCs by immunofluorescence, which revealed a relatively
small group of neurons (<1%) intensely stained (Fig. 34),
whereas most of the granule cells showed only low to very low
perisomatic mGlula immunolabeling (Fig. 3B). Despite this
unexpected finding, it is difficult to correlate expression levels
with functional measures, since a very efficient coupling of the
receptor with intracellular transduction mechanisms might
have compensated for the low expression in previous pharma-
cological and biochemical studies (33, 34).
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Transfection of CGCs was performed by electroporation,
which with our optimized conditions gave an 8 —12% transfec-
tion rate (Fig. 3C). The analysis of the promoter region
upstream from exon Ia was performed on a set of constructs
with serial deletions from position —2097 to —11, in which
exon Ia, spliced at the most 5'-splice donor site (+108), was
joined to exon II up to the ATG codon (region +1501/+1819).
In CGCs, constructs carrying serial 5'-deletions of the region
—2097 to —68 displayed a high and similar transcriptional
activity ranging from 77.0 £ 25.1% (plasmid —2097/Exla) to
105.2 £ 8.6% (plasmid —599/Exla) of pGL3-control luciferase
activity (Fig. 3D). On the other hand, the construct lacking vir-
tually all of the genomic region upstream from exon Ia (plasmid
—11/ExIa) displayed a luciferase activity similar to the promot-
erless vector pGL3-basic (Fig. 3D). Analogous results were
obtained in BHK fibroblasts, in which the constructs with
deletions from —2097 to —599 displayed similar luciferase
induction ranging from 8.3 * 0.4-fold (plasmid —599/ExIa)
to 9.5 £ 0.5-fold (plasmid —1108/ExIa) over pGL3-basic
(Fig. 3D). Further deletions produced a gradual reduction of
the transcriptional activity (Fig. 3D), although it remained
clearly above pGL3-basic. Likewise in CGCs, plasmid —11/ExIa
showed no significant activity in BHK cells (Fig. 3D). These
results clearly indicated that the minimal region sufficient to
drive transcription at the Grml exon la promoter resides
within a region comprised between —68/—11. In agreement,
luciferase activity was abolished completely by the deletion of
the region —123/—11 in both CGCs and BHK cells (Fig. 3D).

In order to characterize in more detail the core promoter, we
performed a deletion scan analysis of the region —123/—8 using
plasmid —123/ExIa as a template, in which seven consecutive
regions of ~15 bp were mutated to an EcoRI restriction site
(Fig. 3E). Deletions AD (—68/—53) to AG (—26-11) reduced
luciferase activity almost completely in CGCs (Fig. 3E) and
caused a significant reduction in BHK cells (Fig. 3E), indicating
that each of these four regions encodes elements essential for
basal transcription.

The analysis of the promoter region upstream from exon II
was carried out using a construct encoding the whole exon II
sequence and the 372-bp intron between exons Ic and II (plas-
mid +895/ExII) as well as a second construct carrying a 5'-de-
letion of 193 bp (plasmid +1088/ExII) (Fig. 3F). These plasmids
produced little or no induction of luciferase activity (22.3 =
3.0%) (Fig. 3F) when tested in CGCs, although plasmid +895/
ExII showed nominal statistical significance. Unlike in CGCs,
plasmid +895/ExII showed a clear activity in BHK cells (3.6 =
0.2-fold over pGL3-basic), and the 5’-deletion resulted in a sig-
nificant enhancement of its activity (5.1 = 0.4-fold over pGL3-
basic), indicating the presence of a silencing element(s), active
in fibroblasts, within the region +895/+1088.

The ability of the region —68/—11 in Grm 1 exon la promoter
to drive basal transcriptional activity prompted us to perform a
more refined functional analysis of the putative transcription
factor binding elements identified in silico (Fig. 4A). Using plas-
mid —1108/ExIa as template, we mutated the putative TATA
box and/or the Initiator element (35, 36) and tested the effect of
these mutations in luciferase assays (see Table 3). Surprisingly,
neither the single nor the double mutations were effective in
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FIGURE 3. Characterization of CGCs as model for reporter gene assays and analysis of transcriptional
activity of Grm1 promoters. A,immature Purkinje cell or interneuron showing high somatodendritic mGlul«
immunolabeling. B, granule cells displaying weak mGlula perisomatic labeling. Scale bar, 25 pm. A higher
magnification of a weakly labeled CGC is shown in the inset. The arrowheads indicate immunoreactivity asso-
ciated with the plasma membrane. C, EGFP immunofluorescence and 4’,6-diamidino-2-phenylindole counter-
staining of electroporated CGCs. The experiments shown are representative of at least three replicates. Scale
bar, 100 um. D-F, schematic diagrams of reporter gene constructs used in luciferase assays. For BHK cells,
activity is given as -fold over pGL3-basic (white bars). For CGCs, activity is indicated as a percentage of pGL3-
control (gray bars); activity of pGL3-basic is indicated by black bars. D, effect of consecutive deletions of the
promoter region upstream from exon la. Data are from at least 16 and six replicates for BHK cells and CGCs,
respectively. Statistical significance is relative to construct —1108/Exla. E, deletion scan analysis of exon la core
promoter. The sequence —123/+1 and the deleted regions are shown. Data are from at least eight and four
replicates for BHK cells and CGCs, respectively. Statistical significance is relative to construct —123/Exla.
F, effect of consecutive deletions of promoter region upstream from exon . Data are from at least 18 and seven
replicates for BHK cells and CGCs, respectively. Statistical significance is relative to construct +895/ExIl. *, p <
0.05; **, p < 0.01; ***, p < 0.001, ANOVA with Bonferroni’s post hoc test.

encompasses the core binding
sequences for C/EBP, steroidogenic
factor-1 and TTF-1 transcription
factors, whereas region E2 encom-
passes the core binding sequence
for a C/EBP (Fig. 44). Moreover, we
generated a double mutant con-
struct mutating E1 and E2 to EcoRI
and Sacl restriction sites, respec-
tively. In CGCs, the mutation of any
of the two regions, as well as the
double mutation suppressed com-
pletely the luciferase activity (Fig.
4C), indicating that elements pres-
ent in E1 and E2 are necessary, but
not sufficient to induce transcrip-
tion. In BHK cells, the single muta-
tions reduced, although not com-
pletely, the transcriptional activity
of plasmid —123/Exla (Fig. 4C),
whereas the double mutation
abolished the induction almost
completely (Fig. 4C). Taken to-
gether, these results indicate the
presence of a core promoter
upstream from Grm1 exon Ia con-
stituted by two consecutive and
synergistic elements.
Electrophoretic  Mobility  Shift
Assays on Grml Exon Ia Core Pro-
moter Elements—The actual bind-
ing of the predicted transcription
factors to the Grml exon la core
promoter was tested by EMSAs. For
this purpose, two double-stranded
DNA oligonucleotide probes were
designed to encompass the region
containing the C/EBP, steroido-
genic factor-1, and TTF-1 elements
(-49/-30; probe E1) or the C/EBP
(-34/-15; probe E2) (Fig. 5A). When
incubated with nuclear extracts
from mouse cerebellum, the radio-
labeled probe E1 produced two
shifted bands (Fig. 5B), which were
characterized by competition assays
using an exceeding amount of sev-
eral different unlabeled oligonu-
cleotides. Both bands, as expected,
were competed by the cold probe
E1. The lower band was specifically
competed by a probe for TTF-1,

reducing the transcription driven by exon Ia promoter in both  derived from the thyroglobulin gene promoter (37), whereas
CGCs and BHK fibroblasts (Fig. 4B). competition with consensus probes for steroidogenic factor-1

On the basis of the putative elements predicted in silico, we  or C/EBP was ineffective. The upper band appeared to derive
mutated also two 8-bp-long regions at positions —43/—36 and from nonspecific binding, since it was competed by various
—27/—20 (indicated as E1 and E2) (Fig. 4C) to an EcoRI restric-  probes, such as E1m, which carries the same mutation as con-
tion site using plasmid —123/Exla as template. Region E1  struct —123/ExIa/Elm, the consensus probe for C/EBP and a
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sequence-unrelated probe specific for RFX binding (Fig. 5B).
To confirm the binding of TTF-1 to the Grm1 core promoter
region, the consensus sequence for TTF-1 was also used for
EMSA. The TTEF-1 radiolabeled probe gave rise to a single band
when incubated with nuclear extracts from mouse cerebellum
(Fig. 5C) or CGCs (Fig. 5D), which was almost completely dis-
placed by the competition with the unlabeled probe E1. These
data, hence, confirmed the specific interaction between TTF-1
and the Grm1 core promoter.

The radiolabeled probe E2 produced four distinct bands
when incubated with nuclear extracts from BHK cells (Fig. 5E).
Competition assays showed that the upper two bands derive
from the interaction with factors of the C/EBP family, since an
unlabeled C/EBP consensus probe competed them completely
(Fig. 5E). Consistent with this finding, probe E2m, which
encodes the same mutation as construct —123/ExIa/E2m, was
unable to compete any of these two bands. Supershift assays,
performed using antibodies specific for the different C/EBP iso-
forms «, 3, and 8, showed that probe E2 is bound by C/EBPS, at
least in BHK extracts (Fig. 5F). We failed to detect any signifi-
cant band shift when probe E2 was incubated with nuclear
extracts from cerebellum, although different amounts of
nuclear extracts and radiolabeled probe E2 were tested to

enhance the sensitivity of the assays. This could depend on
many different reasons (e.g. low expression levels of C/EBP fac-
tors in cerebellum and/or a low affinity of C/EBP to the E2
region).

Identification of an Active NRSE Regulating Grm1 Expression
in Nonneuronal Cells—Under physiological conditions, mGlul
expression is restricted to neuronal cells. Because NRSF has
been shown to suppress the expression of neuronal genes in
nonneuronal tissues, we investigated the role of the putative
NRSE located between Grm1 exons Ib and Ic in the suppression
of mGlul expression in fibroblasts. We subcloned a region of
~3 kbp of genomic DNA upstream from the ATG (region
—1108/+1819) into pGL3-basic and mutated selectively the
NRSE (38) (see Table 3). Luciferase assays performed in BHK
cells showed that construct —1108/+ 1819 induced a very weak,
although significant, transcriptional activity (1.2 = 0.1-fold
over pGL3-basic) (Fig. 6A4). Mutation of the NRSE enhanced the
luciferase activity ~3-fold (Fig. 6A), demonstrating that this
element has a repressive effect on the transcription of Grm1. To
evaluate more accurately the silencing properties of the NRSE
encoded in Grml, we subcloned a 422-bp cassette containing
this element (+478/+899) upstream from the SV40 promoter
in the pGL3-promoter vector (plasmid +478/+899/SV40).

The insertion of this cassette in

i Inr 41 pGL3-promoter produced a dra-

TTTTCCCTTGCGGTATAATAGTGT TGAAGAAAGAGGGCACTAGTGTACAGC . . . . .
matic reduction in luciferase activ-
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FIGURE 4. Luciferase assays on the exon la promoter region with targeted mutations of predicted tran-
scription factor binding elements. A, schematic representation of mGlu1 core promoter sequence with
mutated putative elements highlighted. B and C, schematic diagrams of reporter gene constructs used in
luciferase assays. For BHK cells, activity is given as -fold over pGL3-basic (white bars). For CGCs activity is
indicated as percentage of pGL3-control (gray bars). B, effect of the mutation of the putative TATA box and Inr
element upstream from exon la. Data are representative of at least 18 and four replicates for BHK cells and
CGCs, respectively. Statistical significance is relative to construct —1108/Exla. C, effect of the mutation of E1
and E2 elements. Data are representative of at least eight and six replicates for BHK cells and CGCs, respectively.
Statistical significance is relative to construct —123/Exla. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001, ANOVA with

Bonferroni’s post hoc test.

We further demonstrated the
interaction of NRSF with its consen-
sus NRSE located within Grm1 by
chromatin immunoprecipitation.
Genomic DNA encompassing this
element was immunoprecipitated
by means of specific NRSF antibod-
ies from NIH-3T3 fibroblasts and,

TABLE 3
Sequence of the elements mutated in reporter gene experiments
Construct Wild type sequence Mutated sequence Template

—1108/ExIa/TATAm (35) CCCTTGCGGTATAATAGTGT CCCTTGCGGTggAATAGTGT —1108/Exla
—1108/ExIa/INIm (36) AAAGAGGGCACTAGTGTACA AAAGAGGGYgCTAGTGTACA —1108/Exla
—123/ExIa/Elm TTTCCCTTGCGGTATAATAG TTTCCC-gaattc-TAATAG —123/Exla
—123/Exla/E2m ATAGTGTTGAAGAAAGAGGG ATAGTG-gaattc-AGAGGG —123/Exla
—1108/GrmI/NRSEm (38) GAGCGCTGTCCAGGGTTCTG GAGCGCTGTaaAGGGTTCTG —1108/Grml
+478/+899/Grm1/NRSEm GAGCGCTGTCCAGGGTTCTG GAGCGCTGTaaAGGGTTCTG +478/+899/SV40
+895/ExII/RFXm GGCGTTGCCTTAGTAACTAA GGCG----aatt----CTAA +895/ExIL
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FIGURE 5. EMSA on exon la core promoter region. A, sequence of exon la core promoter region. Transcription
factor binding sites and extent of oligonucleotides are indicated. B, EMSA analysis of transcription factors
binding to probe E1.Radiolabeled probe E1 incubated with nuclear extracts from mouse cerebellum produced
a specific band (filled arrowhead) competed by a consensus probe for TTF-1 and a nonspecific band (open
arrowhead) competed by several probes. The TTF-1 consensus probe, incubated with nuclear extracts from
mouse cerebellum (C) or from CGCs (D), produced a band (filled arrowhead) that is almost completely com-
peted by unlabeled probe E1. £, EMSA analysis of transcription factors binding to probe E2. Radiolabeled probe
E2 incubated with nuclear extracts from BHK cells produced at least two bands (filled arrowheads), which were
competed by the C/EBP consensus probe. F, supershift analysis of C/EBP factors binding to probe E2. Anti-C/
EBP, but not anti-C/EBP« and -d antibodies, produced a supershift of the two bands generated by probe E2.

most significantly, from mouse liver or cerebellum (Fig. 6C).
We chose the NIH-3T3 cell line, and not BHK cells, because it
derives from mice; hence, all of the genomic sequences required
for these experiments were known.

The repressive action on transcription of NRSF is mediated
by the recruitment, among others, of co-repressors having his-
tone deacetylase (HDAC) activity. We assessed whether the
repression of Grm1 transcription is HDAC-dependent by treat-
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ing NIH-3T3 fibroblasts with the
HDAC inhibitor TSA and then by
analyzing mGlul expression by RT-
PCR (Fig. 6D). Specific oligonucleo-
tides located on exons VIII and X
were designed in order to detect the
mGlula and -B splice variants.
Mouse cerebellum ¢cDNA was used
as positive control, from which
two fragments of 524 and 609 bp
were amplified, corresponding to
mGlula and -B isoforms, respec-
tively. Weak but detectable levels
of mGlul transcripts were present
in nonstimulated NIH-3T3 cells,
whereas TSA significantly induced
the expression of mGlulf and
slightly induced the expression of
mGlula (Fig. 6D). The effect of TSA
upon NRSF action on Grml tran-
scription was also verified in lucifer-
ase assays on BHK cells and per-
formed using the plasmid +478/
+899/SV40 carrying either the
intact or the mutated NRSE. A 24-h
treatment with 300 nm TSA reduced
the luciferase activity of the pGL3-
promoter vector to 83.3 = 2.9% (n =
10). Conversely, in cells transfected
with construct +478/+899/SV40,
TSA partially reverted the inhibi-
tory effect of the NRSE on the SV40
promoter increasing the luciferase
activity of this constructs from
21.5 = 9.5% to 32.0 = 84% (p <
0.05; ANOVA with Bonferroni’s
post hoc test; n = 12) relative to the
untreated pGL3-promoter. In other
words, the repressive action of
NRSF was blocked by TSA treat-
ment, thus enhancing the transcrip-
tional activity of +478/+899/SV40
construct. When the NRSE was
mutated, TSA produced a nonsig-
nificant reduction of the luciferase
activity induced by +478/+899/
SV40/NRSEm from 58.8 = 2.6 to
52.5+ 1.6% (p = 0.06; n = 12), sim-
ilar to what was observed with the
pGL3-promoter. Therefore, histone
deacetylation appears as a key mechanism by which NRSF reg-
ulates mGlul expression in nonneuronal cells.

Identification of an Active REX Element Regulating Grml
Expression in Nonneuronal Cells—The finding that the region
+895/+1088 upstream from exon II may contain a silencing
element active in fibroblasts prompted us to investigate the role
of the putative RFX element located at positions +951/+968.
We performed a new series of luciferase assays on BHK cells,
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FIGURE 6. Characterization of NRSF action on Grm1 expression. A and
B, schematic diagrams of reporter gene constructs and corresponding activ-
ity in BHK cells, indicated as -fold over pGL3-basic. A, luciferase activity of a
3-kbp region at the 5’-end of Grm1 and effect of mutation of NRSE. Data are
representative of at least 18 replicates. Statistical significance is relative to
construct —1108/Grm1. B, effect of wild type and mutated NRSE from Grm1
on SV40 promoter. Data are representative of at least 18 replicates. Statistical
significance is relative to construct +478/+899/SV40. ANOVA with Bonferro-
ni's post hoc test (*, p < 0.05; **, p < 0.01; ***, p < 0.001). C, ChIP assays
showing in vivo binding of NRSF to Grm1 promoter region, performed on
NIH-3T3 cells, mouse liver, and cerebellum. D, RT-PCR analysis of mGlul,
mGlu1p, and B-actin expression in NIH-3T3 cells. Cells were stimulated for
24 h with 200 nm TSA and cultured for an additional 24 h.

analyzing the transcriptional activity of plasmid +895/ExII car-
rying a mutation in the RFX element (see Table 3). The muta-
tion of the REX element enhanced the transcriptional activity of
plasmid +895/ExII from 2.4 = 0.2- to 3.4 %+ 0.4-fold over pGL3-
basic, an increase that was in the same range of that resulting
from the deletion of the region +895/+1088 (Fig. 7A). Subse-
quently, we verified the actual binding of a factor of the RFX
family by EMSA in nuclear extracts from BHK fibroblasts (Fig.
7B). A probe deriving from the promoter of the MAPIA gene
(30) was used to assess the presence of active RFX factors both
in BHK nuclear extracts and in competition experiments. Incu-
bation of radiolabeled REX-MAPIA probe with BHK nuclear
extracts produced at least four shifted bands. The upper two
bands (Fig. 7B) were clearly displaced by the unlabeled RFX-
Grml probe, encoding the sequence of the RFX element pres-
ent upstream from exon II. Consistently, the radiolabeled RFX-
Grml probe produced three bands, two of which corresponded
in terms of apparent molecular weight to the high ones
obtained with the REX-MAPIA probe (Fig. 7B). Competition
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FIGURE 7. Functional characterization of the RFX element. A, analysis of
the effect of Grm1 RFX element on exon Il promoter activity. Shown are sche-
matic diagrams of reporter gene constructs and corresponding activity in
BHK cells, indicated as -fold over pGL3-basic. Data are representative of at
least eight replicates. B, EMSA analysis of RFX factor DNA binding activity in
nuclear extracts from BHK cells incubated with radiolabeled probes encoding
the MAPTA-RFX element or the Grm 1-RFX element. Both probes produce two
shifted bands that are competed by RFX-MAPTA and RFX-Grm1 unlabeled
probes. *, p < 0.05; **, p < 0.01; ***, p < 0.001, ANOVA with Bonferroni’s post
hoc test.

experiments then showed that an excess of unlabeled RFX-
MAPIA probe was able to displace these bands (Fig. 7B).
Taken together, these data indicate that the RFX element,
located upstream from exon II, has a role in down-regulating
transcriptional activity of GrmI in nonneuronal cells.

DISCUSSION

In this study, we have performed the first detailed analysis of
the Grm structure and identified the transcription factors and
cis-acting elements involved in its transcriptional regulation
and neuron-specific expression. We show by different experi-
mental means that transcription at both murine and human
Grml initiates, through multiple promoters, from alternative
first exons. This feature is shared by mGlu5 (6), the other phos-
pholipase C-coupled mGlus, and appears frequent in mamma-
lian genes (39). 5'-RACE and RT-PCR experiments revealed the
relative abundance of mRNA containing exons Ia—Ic and II in
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the mouse brain. We estimated that ~70% of mGlul transcripts
start within exon Ia and that the remaining start within exon II,
since transcripts containing exon Ib or Ic were rarely found and
exhibited a pattern of expression mostly restricted to the
cerebellum.

Comparison between the human, rat, and mouse GrmlI
showed a very similar structural organization and a high degree
of sequence identity at both translated and untranslated
regions. Phylogenetic shadowing analysis performed on 5.2 kb
at the 5'-end of Grm1I of seven different mammalian species
highlighted several evolutionarily conserved regions upstream
from alternative first exons as well as two cis-elements corre-
sponding to a NRSE and RFX.

One of the primary findings of this study is the characteriza-
tion of a promoter module constituted of a TTF-1 and a C/EBP
element necessary for the recruitment of the basal transcrip-
tional complex and transcription of mGlul mRNAs containing
exon la. The binding of TTF-1 and C/EBP to the murine Grm1
exon Ia promoter and the synergistic interaction between these
two factors was demonstrated in neural tissue by EMSA and
reporter gene assays using cerebellar nuclear extracts and pri-
mary cultures of cerebellar neurons, respectively.

TTE-1 is a member of the homeodomain NK family of tran-
scription factors and has a prominent role in cell-specific gene
regulation in thyroid and lung (40). Despite the fact that expres-
sion of TTF-1 in the central nervous system has also been
reported, in particular in neurons enriched in mGlul (9), such
as Purkinje cells, principal neurons of the hippocampus, and the
retina (41), this is the first report of a neuronal target gene of
TTE-1. However, transcriptional regulation of the a7 nicotinic
acetylcholine receptor by TTEF-1, although in Clara cells of the
lung, has recently been reported (42).

C/EBP proteins form a family of basic leucine zipper tran-
scription factors composed of five members (43). Within the
rodent central nervous system, C/EBPf3 expression appears
compatible with its role in the regulation of mGlul tran-
scription. Transcripts encoding C/EBPB were detected in
Purkinje and granule cells of the cerebellum as well as in
principal cells and interneurons of the hippocampal forma-
tion (44). Interestingly, PC12 cells were shown to respond to
NGF stimulation by enhancing the expression of both
C/EBPp (44) and mGlul (45).

A cooperative action between C/EBPa and TTEF-1 has been
proposed for the promoter of the CCSP/UG gene in lung Clara
cells (46). For the induction of transcription at the CCSP/UG
promoter, each of these factors appeared necessary but not suf-
ficient (46), similar to what we observed for the Grml pro-
moter. Therefore, we propose that proximal TTF-1-C/EBP ele-
ments represent a transcriptional module in which the
interplay of (at least) two transcription factors activates tran-
scription synergistically (47). This module is radically different
from the known core promoter modules, such as TATA-Inr or
Inr-DPE (27), which are generally present in genes character-
ized by a widespread expression or by an expression profile
restricted to a unique but homogeneous tissue. It is thus con-
ceivable that genes with a complex and highly restricted expres-
sion pattern, such as Grm1, possess core promoters with almost
unique features.
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Additional factors are likely to participate in the cell- and
context-specific transcriptional regulation of mGlul. Indeed,
our deletion scan analysis showed that modification of region
AD, which does not overlap with the TTF-1 and C/EBP ele-
ments, also markedly influenced transcriptional activity, sug-
gesting the presence of a further element(s). However, our in
silico analysis could not identify any putative transcription fac-
tor binding site within this region, possibly because of its low
level of conservation across species.

A surprising finding was the lack of effects, under our exper-
imental conditions, of the specific mutations of the TATA box
and Inr elements because of their well known role in core pro-
moters in many eukaryotic genes (27). The prediction of false
positive transcription factor binding sites is a critical issue for
most sequence analysis tools (25); hence, the functional valida-
tion of any predicted element remains imperative. However, we
cannot at present rule out that this module may be active, as an
alternative core promoter, in a different cell model or context.

Functional analysis of the promoter region upstream from
exon I showed a weak but significant luciferase activity in both
BHK cells and CGCs that was enhanced by the 5’-deletion of
193 bp. As we demonstrated by site-specific mutation and
EMSA experiments, this effect was due to the presence in this
region of a repressor, namely an RFX element. Four members of
the murine RFX family have been identified so far (30), but their
role as regulators of transcriptional events is still largely
unclear. For instance, the promoter of the MAPIA gene was
repressed by RFX1 and -3 in nonneuronal cells (30), whereas
expression of the glutamate transporter EAAT3 was enhanced
by REX1 (31). Our data provide further evidence supporting a
role for RFX factors as transcriptional repressors for the speci-
fication of the expression of neuronal genes.

A recent genome-wide analysis has identified 1894 genes in
the mouse genome (1892 in the human genome) as putative
targets of NRSF (29). However, for only ~30 genes has substan-
tial experimental evidence for the silencing action of NRSF
been provided so far, and for even fewer genes has the actual
interaction of NRSF with its endogenous target gene in vivo
been examined (29). Here, we have shown that GrmI possesses
an NRSE, which was able to specifically repress transcription in
nonneuronal cells, namely fibroblasts. Moreover, we demon-
strated the actual binding of NRSF to this element in vivo by
means of chromatin immunoprecipitation. Therefore, our data
clearly identify NRSF as a master switch allowing mGlul-spe-
cific expression in neuronal cells while keeping it silenced in
nonneuronal tissues. A few studies have reported expression of
mGlul in nonneuronal tissues, such as osteoblasts (48) and car-
diomyocytes (49). These findings suggest that under certain
conditions, silencing by NRSF may be inactive on the transcrip-
tional activity of the Grm1 promoter(s). It is worth noting that
also for the NMDA receptor subunit 2C, whose promoter
region contains a NRSE consensus element too (2), expression
has been detected in osteoblasts (48). Our data further provide
some insights about the mechanism of action of NRSF on GrmI
transcription, since we showed that the silencing action is
mediated by histone deacetylases. We indeed demonstrated
that the HDAC inhibitor TSA was able to up-regulate mGlulo
and -3 expression in NIH-3T3 cells and to inhibit the repress-
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FIGURE 8. Proposed model describing the transcriptional activation of
Grm1. A, the core promoter region upstream from exon la is synergistically
activated by TTF-1 and C/EBPp transcription factors, which recruit the RNA
polymerase Il transcriptional complex. B, in differentiated nonneuronal cells,
NRSF recruits a macromolecular complex that induces chromatin packing
and prevents Grm1 transcriptional activation. Histone deacetylation appears
to be involved. C, in neurons, chromatin structure is permissive, as indicated
also by H3K4 di- and trimethylation (red circles). Hence, transcription factors
can access Grm1 promoters.

ing activity of NRSE on the SV40 promoter. It was surprising to
find detectable levels of mGlul expression in NIH-3T3 cells,
despite the silencing role of NRSF. However, since NIH-3T3
cells are an immortalized cell line, it is possible that the state of
their chromatin is poised for expression of neuronal genes with
NRSF promoting only the deacetylation of histones, thus allow-
ing low levels of transcription, as also observed in stem cells
(50). Conversely, in terminally differentiated nonneuronal cells,
NRSF drives efficient chromatin packing and DNA methyla-
tion. Therefore, in NIH-3T3 cells, transcription at GrmI might
occur at very low rates, and TSA treatment appeared sufficient
to enhance it.

Dysregulated expression of mGlul was shown to produce
very important pathological consequences, since melanoma
onset was found to result from aberrant mGlul expression in
both mouse and human melanocytes (20). Our findings may
provide the molecular background to understand the mecha-
nism(s) responsible for the defective regulation of mGlul
expression in these cells. For instance, in neoplastic melano-
cytes, a mutation/deletion of the NRSE located within Grml
could prevent the binding of NRSF and in turn allow mGlul
expression.

In conclusion, constitutive transcription at the core pro-
moter upstream from exon Ia, which is most likely the main
mGlul promoter, is driven by the synergistic interaction of
TTE-1 and C/EBP. These factors may then recruit a multim-
eric complex composed of co-activators and the RNA polymer-
ase II holoenzyme, resulting in the transcription of mGlul.
Beyond core promoter activation, a second level of regulation
may be provided in nonneuronal cells by NRSF that, either
through CoREST or mSin3, recruits HDACs, which in turn
induce chromatin packing and transcriptional repression. In
neurons, the NRSF action is inhibited, and the chromatin at
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Grml assumes an open conformation (e.g. H3K4 is di- and tri-
methylated) (51); thus, transcription factors would have access
to the exon Ia promoter, inducing mGlul expression. A sche-
matic diagram for the transcriptional control of Grm1 is given
in Fig. 8.

Therefore, our data indicate that the cell-specific expression
of mGlul is determined by the combined activity of discrete
repressing elements, such as NRSE and RFX, as well as by pos-
itive regulatory elements that are active in specific types of
neuron.
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