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Members of a neuronal nicotinic acetylcholine receptor subunit
gene cluster ordered b4, a3, a5 in the vertebrate genome are
expressed in highly restricted patterns in the PNS and CNS.
Nothing is known, however, about the regulatory elements that
control transcription of these genes in selected neuronal cell
populations. We report here a novel enhancer, designated
b439, that is positioned in the b4 39-untranslated exon. It is
composed of two nearly identical 37 bp direct repeats that are
separated by 6 bp. Multimerization of the enhancer upstream of
the a3 minimal promoter results in synergistic activation. Anal-
ysis in different cell types, including three neural lines and
primary keratinocytes, shows that b439 is preferentially active in
the neural line PC12, which expresses all members of the
cluster. Mobility shift assays reveal a cell-type-specific com-

plex, which forms with the first repeat of the enhancer and
PC12 extracts. Complexes co-migrating with the PC12 cell
complex are not detected with extracts from other lines, which
suggests that PC12 cells contain a differentially expressed
factor that may be important for the restricted activity of b439.
The cell-type-specific activity of the b439 enhancer suggests
that it is important for regulating restricted expression patterns
of one or more clustered neuronal acetylcholine receptor
genes. Its location within the b4 gene may be a selective
pressure for maintaining tight linkage of clustered neuronal
nAchR genes.
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The tremendous diversity of vertebrate neural cell phenotypes
implies an underlying complexity of cis regulatory element needed
to control thousands of genes in the appropriate spatial and
temporal patterns (He and Rosenfeld, 1991; Mandel and McKin-
non, 1993). A key transcriptional element essential for neuron-
specific expression of some genes is the neuron-restrictive silencer
element (Mori et al., 1992) or repressor element 1 (Kraner et al.,
1992). The neuron-restrictive silencer element /repressor element
1 silences transcription by binding a repressor factor REST
(Chong et al., 1995) or NRSF (Schoenherr and Anderson, 1995),
which is ubiquitously expressed in non-neuronal cells. Transgenic
mice studies have shown, however, that positive modulation of
transcription resulting from the binding of factors to cell- or
region-specific enhancers is also required for controlling the var-
ied patterns of transcription in the nervous system (Tuggle et al.,
1990; Whiting et al., 1991; Zimmerman et al., 1994). This is also
evident from studies with transgene constructs in which the dele-
tion of relatively large fragments of DNA flanking promoter
regions results in loss of transgene expression in specific neural
cell populations (Vandaele et al., 1991; Min et al., 1994; Carroll et
al., 1995). An example of an enhancer that directs expression to
particular populations of neurons is the gonadotropin-releasing

hormone gene enhancer (Whyte et al., 1995). This multicompo-
nent enhancer is active specifically in a clonal line derived from
hypothalamic neurosecretory neurons that secrete gonadotropin-
releasing hormone. For the vast majority of genes expressed in the
vertebrate nervous system, however, we know nothing about the
organization of regulatory regions and transcription factors re-
sponsible for directing expression to specific neuronal cell types.
A cluster of nicotinic acetylcholine receptor (nAchR) genes

ordered b4, a3, a5 in mammals and birds (Boulter et al., 1990;
Couturier et al., 1990; Raimondi et al., 1992) is expressed in
peripheral and central neurons. Neuronal expression patterns of
these genes in the CNS are highly restricted (Duvoisin et al., 1989;
Wada et al., 1989, 1990; Dineley-Miller and Patrick, 1992), which
suggests the presence of enhancers with narrow cell specificities.
PC12 cells express all members of the cluster (Boulter et al., 1990)
as well as many other markers of peripheral and central neuronal
phenotype and, therefore, these cells are an attractive system for
investigating mechanisms of neural transcription (Kraner et al.,
1992; Mori et al., 1992; Yoon and Chikaraishi, 1992).
We and others have begun to analyze transcriptional control of

the nAchR a3 gene (Duvoisin and Heinemann, 1993; Boyd, 1994,
1996; Yang et al., 1994, 1995). We identified and characterized the
promoter region of the rat nAchR a3 gene (Yang et al., 1994,
1995) and showed that it initiates transcription at multiple sites in
PC12 cells and sympathetic neurons (Yang et al., 1994; Fyodorov
and Deneris, 1996). The significant activity of this promoter in
various cell lines, however, suggests that it lacks cell-type-specific
information. To search for cis elements mediating cell-restricted
activity, we have analyzed sequences that extend upstream of the
a3 gene and that include part of the juxtaposed b4 gene. Re-
ported here is a novel cell-type-specific enhancer, which is located
in the b4 39-untranslated exon.

Received Aug. 20, 1996; revised Jan. 14, 1997; accepted Jan. 15, 1997.
This work was supported by National Institutes of Health Grant RO1 NS29123

from the National Institute of Neurological Disorders and Stroke. We thank Eric B.
Banks in Dr. Richard Eckert’s laboratory in the School of Medicine for performing
keratinocyte transfections. We also thank Nicole Francis and Dr. David Setzer for
their helpful comments on this manuscript and Tim Miller for preparation of some
nuclear extracts.
Correspondence should be addressed to Dr. Evan Deneris, Case Western Reserve

University, School of Medicine, Department of Neuroscience, 2109 Adelbert Road,
Cleveland, OH 44106-4975.
Copyright q 1997 Society for Neuroscience 0270-6474/97/172273-11$05.00/0

The Journal of Neuroscience, April 1, 1997, 17(7):2273–2283



MATERIALS AND METHODS
Luciferase reporters
Reporters described here contain all or part of a 2.8 kb rat genomic SacI
fragment, a3(22732/147), with coordinates designated relative to the
major a3 transcription start site. This fragment extends 1.3 kb into the
upstream b4 gene (Yang et al., 1997). A 187 bp b4 39-untranslated exon
fragment at coordinates 22732/22546 and exhibiting enhancer activity
(Fig. 3) was used to prepare a series of SV40, a3, or b4 promoter
constructs in the pGL2 series of luciferase vectors (Promega, Madison,
WI). The relative activities of the a3 and b4 core promoters are approx-
imately equal to each other and are 20–30% of SV40 promoter activity in
PC12 cells. For reporter designations described below, numbers in brack-
ets indicate the sequences beginning on the b4 side of the 2.8 kb SacI
fragment that are present in a particular construct, unless stated
otherwise.
SV40 promoter reporters. A single copy of the 187 bp enhancer fragment

was placed immediately upstream of and in reverse orientation relative to
the SV40 promoter by subcloning a 1.1 kb SacI/KpnI fragment of
a3(22732/147) into the polylinker of pGL2-promoter (Promega) to
generate [1–1100]SV-luc. This intermediate was then cut with SpeI,
treated with Klenow to blunt end, and cut with SmaI, and the gel-purified
vector fragment religated to generate [1–187]SV-luc.

a3 Promoter reporters. Deletions from the 59 end of a3(22732/147)-luc
were made using convenient restriction sites. a3(2238/147)-Luc, consti-
tutes our a3 minimal promoter construct (Yang et al., 1995) and was used
to prepare reporters in which all or part of the 187 bp enhancer fragment
was subcloned in one or the other orientation either immediately up-
stream of the minimal promoter or downstream of the luciferase gene. To
prepare a reporter, [1–187]a3-luc, in which the 187 bp fragment was
positioned immediately upstream of the minimal promoter, a3(22732/
147)-luc was cut with SpeI, treated with Klenow to blunt end, digested
with PmlI, and then the gel-purified vector fragment was religated. A
second reporter, [1–187]DPNa3-luc, in which enhancer fragment se-
quences 95–161 bp that lie downstream of the palindrome were removed,
was prepared by digestion of [1–187]a3-luc with PstI and NsiI, followed
by religation of these compatible ends. To place the enhancer down-
stream of the luciferase gene and in the correct orientation relative to the
a3 promoter, a 1.1 kb XhoI/SmaI fragment of [1–1100]SV-luc was sub-
cloned into the SalI and blunt-ended BamHI sites located in the vector
backbone of a3(2238/147)-luc. The resulting construct was then cut with
KpnI and PstI and treated with T4 DNA polymerase in the presence of
dNTPs to blunt end, and the vector fragment was religated to generate
[1–161]a3[dc]-luc. To place the enhancer downstream of the luciferase
gene and in the reverse orientation relative to the a3 promoter, a 1.1 kb
BglII/SmaI fragment of [1–1100]SV-luc was subcloned into the BamHI
and blunted-ended SalI sites located in the vector backbone of a3(2238/
147)-luc. The resulting construct was then cut with KpnI and PstI and
treated with T4 DNA polymerase in the presence of dNTPs to blunt end,
and the vector fragment was religated to generate [1–161]a3[do]-luc. To
prepare a reporter, [86–107]a3-luc, in which a single copy of the palin-
drome was placed upstream of the a3 promoter, complementary oligo-
nucleotides were synthesized to generate KpnI and blunt compatible
ends, annealed, and subcloned into a3(21607/147)-luc vector that was
cut with KpnI and PmlI. To prepare a reporter, [1–107]a3-luc, in which
both repeats of the enhancer fragment were placed upstream of the
palindrome, the KpnI and Ppu10I cut [86–107]a3-luc vector fragment was
gel-purified. This linearized DNA was then used in a shotgun ligation
with KpnI, Ppu10I, ScaI, and BamHI cut a3(22732/147)-luc DNA.
To place two copies of the enhancer fragment upstream of the a3

minimal promoter, the 1055 bp SmaI/EcoRI fragment of [1–107]a3-luc
was ligated to a [1–107]a3-luc vector fragment that was cut with Ppu10I,
blunt-ended with Klenow, and then cut with EcoRI. Three copies of the
enhancer fragment were placed upstream of the a3 minimal promoter by
repetition of the above process with the 23 enhancer construct and the
1055 bp SmaI/EcoRI fragment of [1–107]a3-luc.

b4 promoter reporters. A rat HindIII genomic fragment with one end in
the b4 59-untranslated exon and the other 2.8 kb upstream was subcloned
into pGL2Basic (Promega). The resulting b4 promoter construct,
b4(22663/1137)-luc, has coordinates defined relative to the b4 transcrip-
tion start site determined by Hu et al. (1994). To prepare a b4 minimal
promoter construct, b4(22663/1137)-luc was digested with BamHI,
Klenow-treated to blunt end, and then digested with EcoRI. The resulting
950 bp b4 promoter fragment was then subcloned into the vector frag-
ment of a3(22732/147) that was obtained by digestion with SmaI and

EcoRI to generate b4(2254/1137)-luc. To prepare a reporter,
[1–187]b4-luc, in which a single copy of the enhancer fragment was placed
immediately upstream of and in the correct orientation relative to the b4
minimal promoter sequences 2254/1137, the reporter b4(22663/1137)-
luc was cut with BamHI, treated with Klenow to blunt end, then digested
with EcoRI. The resulting 950 bp promoter fragment was gel-purified and
ligated to the vector fragment of a3(22732/147) that was digested with
SpeI, Klenow-treated to blunt end, and then cut with EcoRI. To place a
single copy of the enhancer fragment downstream of the luciferase gene,
b4(22663/1137)-luc and [1–161]a3[dc]-luc were cut with EcoRI and
ScaI. The b4 promoter fragment was then ligated to the enhancer
fragment of [1–161]a3[dc]-luc to generate [1–161]b4[dc]-luc.

Cell lines and transfections
Rat2 cells, a rat fibroblast line, and HeLa cells (American Type Culture
Collection) were grown in DMEM supplemented with 10% (v/v) FBS
(Hyclone Laboratories, Logan, UT). PC12 cells were grown in DMEM
supplemented with 10% FBS and 5% heat-inactivated horse serum (Hy-
clone). ARIP cells, a rat pancreatic tumor line; Clone 9 cells, a rat liver
line; mouse C1300 neuroblastoma, and rat C6 CNS glioma (ATCC) were
grown in DMEM/Ham’s F12K medium supplemented with 10% FBS.
Penicillin G sodium (100 U/ml) and streptomycin sulfate (100 mg/ml)
(Life Technologies, Gaithersburg, MD) were added to all media. Lines
were maintained at 378C and 7% CO2.
Cell lines were electroporated as described previously (Yang et al.,

1994) using a Bio-Rad (Hercules, CA) Gene Pulser. Semioptimal elec-
troporation conditions were determined for different cell lines by elec-
troporating Rous Sarcoma Virus (RSV)-luciferase at different voltages
(200–350 V) and different capacitances (250–960 mF) followed by deter-
mination of luciferase activities in cell extracts 2 d later. Electroporations
were performed at 290 V and 960 mF for PC12, Rat2, HeLa, C1300, and
C6, and at 350 V and 960 mF for ARIP and Clone 9 cells. Approximately
106 cells in 0.4 ml electroporation buffer (0.1 M HEPES, pH 7.4, 137 mM
NaCl, 6 mM dextrose, 7 mM Na3PO4) were transfected using equimolar
amounts of Qiagen-purified (Qiagen, Hilden, Germany) luciferase re-
porter constructs. Human keratinocytes were transfected using lipofectin
(Life Technologies) as described previously (Welter et al., 1996). RSV-
bgal was co-transfected (5 mg/transfection) to control for transfection
efficiency. Either the pGLC (Promega) luciferase reporter containing the
SV40 promoter and enhancer or RSV-luciferase was used as positive
controls. Luciferase activities were measured after either ;24 or ;48 hr
for HeLa, Rat2, ARIP, and Clone 9 cells and after ;48 hr for PC12,
C1300, and C6 lines and keratinocytes. Cell extracts were prepared with
luciferase lysis buffer (Promega), and then extracts were used to measure
luciferase activities with Promega reagents and b-galactosidase activities
with a chemiluminescence substrate and reagents (Tropix, Bedford, MA).

Electrophoretic mobility shift assays (EMSAs)
Nuclear extracts were prepared based on the method described by Schrei-
ber et al. (1989). Approximately 107 cells were pelleted and resuspended
in 800 ml of cold buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 4 mg/ml leupeptin, 1
mg/ml aprotinin, 40 mg/ml bestatin), then swelled on ice for 15 min. A
10% solution of Nonidet NP-40 was added (50 ml), mixed and centrifuged
30 sec in a microfuge. The pellet was resuspended in 100 ml of cold buffer
C (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EGTA, 1 mM DTT, 1 mM
PMSF, 4 mg/ml leupeptin, 1 mg/ml aprotinin, 40 mg/ml bestatin, 20%
glycerol), then centrifuged for 5 min in a microfuge, and the nuclear
extract was frozen at 2708C until needed. An aliquot of each preparation
was used to determine protein concentration (Bio-Rad). A variety of
conditions were explored to optimize binding of proteins to probe. The
[NaCl] in the binding buffer was varied from 0 to 50 mM. Binding
reactions were performed at 48C, 258C, 308C, or 378C in the presence or
absence of detergents and polyamines. For separation of complexes from
probe, polyacrylamide concentrations in gels were varied from 4 to 8%
with several different cross-linking ratios. Optimal conditions for binding
were 2 ml of extract (;3 mg/ml protein) in buffer C, 6 ml of 23 binding
buffer (40 mM Tris-Cl, pH 7.9, 20% glycerol, 2 mM DTT), 2 mg poly dI/dC,
and ;70,000 cpm [32P]-end-labeled double-stranded oligonucleotide in a
total volume of 12 ml at room temperature for 30 min. The products were
then run on a 6.5% polyacrylamide gel, 20:1 cross-link ratio, at room
temperature in 13 Tris-glycine buffer (50 mM Tris base, 380 mM glycine,
2 mM EDTA). The probe used was a double-stranded 35mer including
most of the first repeat 59-CAA TGC CAC TTC CTT GTA TAA GCC
TTC CCA TGA TC-39 (Great American Gene Company, Ramona, CA).
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EMSAs were repeated with several different batches of extract and probe
preparations with similar results.

RESULTS
A 187 bp fragment of the b4 3*-untranslated exon
activates transcription
Analysis of a 2.8 kb fragment extending upstream of the neuronal
nAchR a3 transcriptional start site region revealed a subfragment
that increases transcriptional activity of reporters in PC12 cells.
This subfragment, which constitutes part of the b4 39-untranslated
exon, is likely to contain an enhancer and not an upstream a3
promoter, because PC12 cell-derived a3 exons are not detectable
in this region of the cluster (Yang et al., 1997). To precisely
localize the position of the putative enhancer, we prepared a set
of a3 promoter 59 deletion reporter constructs through the b4
39-untranslated exon starting from 22732 relative to the major a3
transcription start site. The activity of each reporter was then
quantitated after transfection into PC12 cells (Fig. 1). The results
of this experiment showed that the activity of reporter a3(22732/
147)-luc was approximately fivefold greater than that of
a3(2238/147)-luc, which is deleted down to the a3 minimal
promoter (Yang et al., 1995). Deletion to 22554 resulted in a
70% decrease in activity, whereas additional deletion to 22110
produced only a small additional decrease to a level similar to the
activity of the minimal promoter construct (Fig. 1). This analysis
indicates that sequences responsible for the majority of the pos-
itive transcriptional activity reside within a 187 bp SacI /SpeI
fragment of the b4 39untranslated exon, which is ;2.5 kb up-
stream of the a3 promoter.
Inspection of the 187 bp fragment revealed the presence of two

motifs suggestive of enhancer elements (Fig. 2). First, two 37 bp
direct repeats are present beginning at the b4 proximal end of the
fragment and are separated from one another by 6 bp. There are
only three mismatches between the repeats, and each mismatch is

either a purine-to-purine substitution or a pyrimidine-to-
pyrimidine substitution. Second, a nearly perfect 14 bp palin-
drome begins 7 bp downstream of the second repeat (Fig. 2).

The 187 bp fragment functions as an enhancer
To determine whether the 187 bp SacI /SpeI fragment meets the
criteria for a classical enhancer, we investigated the dependence
of its activity on position and orientation relative to the a3
promoter. For this experiment, reporter constructs were made in
which the 187 bp fragment was placed either immediately up-
stream of the a3 minimal promoter or downstream of the lucif-
erase coding sequence. As shown in Figure 3, the 187 bp fragment
stimulated the a3 minimal promoter severalfold. The magnitude
of stimulation is similar to that obtained with the 22732/22554
fragment (Fig. 1), thus confirming that most of the positive tran-
scriptional activity of the 22732/22554 region is located in the
187 bp fragment. As expected for an enhancer, we found that the
187 bp fragment produced comparable activations regardless of
its position or orientation relative to the a3 promoter. (Fig. 3).
In the CNS, the expression patterns of the clustered b4 and a3

subunit genes only partially overlap, raising the possibility that
there are cis elements that can activate particular members of the
cluster but not others. On the other hand, because the b4 and a3
genes are co-expressed in numerous neuronal cell populations,
especially in the PNS, they may be regulated by shared cell-type-
specific cis elements. To determine whether the 187 bp SacI /SpeI
fragment is able to discriminate between the b4 and a3 promot-
ers, we isolated the b4 promoter region from rat genomic cosmid
clones (Yang et al., 1994). A HindIII fragment extending 2.8 kb
upstream of the b4 59-untranslated exon was isolated and sub-
cloned into pGL2-Basic (Promega). The resulting reporter,
b4(22663/1137)-luc, and a truncated version, b4(2254/1137)-
luc, with coordinates designated relative to the major b4 tran-
scription start site reported by Hu et al. (1994) were used to

Figure 1. Identification of a positive transcriptional activity within the nAchR b4 gene 39-untranslated exon. The schematic depicts a 2.8 kb SacI fragment
that contains the b4/a3 intergenic region as well as portions of b4 39-untranslated and a3 59-untranslated exon sequences (rectangles). The transcription
start site region of the a3 promoter is shown by the open arrow, which is located ;1.4 kb downstream of the b4 gene. The cross-hatched area of the b4
39-untranslated exon indicates the location of the 187 bp SacI /SpeI fragment that activates transcription. Shown below the schematic are deletions of the
2.8 kb SacI fragment that were used to localize the position of the positive transcriptional activity. Equimolar amounts of these reporters were transiently
transfected into PC12 cells. Luciferase activity of each reporter construct was measured relative to that of the reporter containing the intact SacI fragment
(22732/147), which was set at 100%. Activities were obtained from at least three separate experiments in which duplicate transfections were performed
and corrected for transfection efficiency with a co-transfected RSV-bgal plasmid. Error bars indicate mean 6 SD.
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prepare additional reporters in which the putative enhancer in the
187 bp fragment was placed either downstream or upstream of the
b4 promoter, respectively. Transfection of these reporters into
PC12 cells revealed that similar to the a3 promoter, equivalent
activations were seen regardless of the position of the putative
enhancer relative to the b4 promoter (Fig. 4A). Furthermore, the
magnitude of activation was similar for both promoters. This
result indicates that in cell culture, there is no fundamental
selectivity of the putative enhancer for b4 and a3, which suggests
that it may be capable of regulating both genes.
A second criterion for enhancer activity is the ability to activate

an heterologous promoter. To test for this property, the 187 bp
fragment was placed immediately upstream of and in reverse
orientation relative to the SV40 promoter. Transfection into PC12

cells revealed a sixfold stimulation of the SV40 promoter activity,
which demonstrates that the putative enhancer can act equally
well on an heterologous promoter (Fig. 4B). The inability to
significantly stimulate a reporter carrying the SV40 enhancer, but
no promoter, confirms that the 187 bp fragment itself does not
behave as a promoter. Together, the results presented above show
that the 187 bp fragment from the b4 39-untranslated exon be-
haves as a classical enhancer. We have designated this enhancer
b439.

An intact repeat region is necessary and sufficient for
b43* activity
Having demonstrated that the 187 bp SacI /SpeI fragment behaves
as an enhancer, we next investigated which parts of it are neces-

Figure 2. Genomic location and sequence features of the 187 bp SacI /SpeI fragment. Schematic, The 187 bp fragment (cross-hatched rectangle) is part
of the b4 39-untranslated exon. It begins 480 bp downstream of the b4 translation stop codon (TAG) and is ;2.5 kb upstream of the a3 promoter. Solid
rectangles, Protein coding sequences of a3 and b4; open rectangles, untranslated exon sequences; thin lines, intron and intergenic region sequences.
Sequence, Within the SacI /SpeI fragment are two 37 bp direct repeats. These repeats, shown by long arrows above the sequence, are separated by 6 bp
and followed by a nearly perfect 14 bp palindrome (boxed sequence). Bases that differ between the two repeats are underlined.

Figure 3. The 187 bp fragment displays characteristics of an enhancer: orientation and position independence. The 187 bp fragment was cloned either
upstream of the a3 minimal promoter (cross-hatched rectangle) or downstream of the luciferase gene as indicated in the schematic. Sequence features of
the fragment described in Figure 2 are represented by symbols (tandem-filled rectangles, 37 bp repeats; open rectangle, 14 bp palindrome; thick line,
remainder of SacI /SpeI fragment) below dark arrow, which indicates orientation of the element. The activity of reporter constructs containing the 187 bp
fragment was measured relative to the a3 minimal promoter reporter a3(2238/147)-luc in PC12 cells. Error bars indicate mean 6 SD. Data are from
at least two experiments in which duplicate transfections were performed and corrected for transfection efficiency by a co-transfected RSV-bgal plasmid.
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sary and sufficient for activity. For this experiment, we prepared
reporters in which various segments of the fragment were placed
immediately upstream of the a3 minimal promoter. The activities
of each were then determined in PC12 cells and compared with
the activity of the a3 minimal promoter in the presence or absence
of an intact 187 bp fragment (Fig. 5, lines 1 and 2). We found that
sequences downstream of the palindrome were dispensable for
full activity, because deletion of these sequences did not decrease
reporter activity (line 3). The palindrome was clearly not sufficient
for activity, because an a3 reporter bearing a single copy of the

palindrome was no more active than the minimal promoter (Fig.
5, compare line 1 with line 4). Furthermore, an intact palindrome
was not necessary for activity as shown by the retention of com-
plete reporter activity when the palindrome and downstream
sequences were deleted (line 5). These results point to the tandem
repeat region as the essential segment of the b439 enhancer.
Enhancer elements often act synergistically when multimerized in
cis to promoters (Sauer et al., 1995). To determine whether
multiple copies of the tandem repeat region could act in this way,
additional reporters were prepared in which two or three copies of

Figure 4. Equivalent activations of the b4, a3, and SV40 promoters by b439. A, PC12 cells were transfected with constructs containing the 187 bp
fragment either upstream or downstream of the b4 promoter (stippled rectangles) as shown in the schematic. The a3 minimal promoter constructs
(cross-hatched rectangles) served as a positive control. The activity of reporter constructs containing the putative enhancer was measured relative to
reporters containing the b4 or a3 promoter alone. Error bars indicate mean6 SD. Data are from at least two experiments in which duplicate transfections
were performed and corrected for transfection efficiency by a co-transfected RSV-bgal plasmid. B, The 187 bp fragment was cloned in the indicated
orientation upstream of either the SV40 promoter or SV40 enhancer, as shown in the schematic. Symbols representing sequence features of the fragment
are as described in previous figures. Luciferase activities were calculated after correction for differences in transfection efficiency by a co-transfected
RSV-bGal plasmid. Error bars indicate mean 6 range for a typical experiment in which duplicate transfections were performed.
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the repeat region were placed adjacent to one another and in
front of the a3 promoter. The activities of these reporters were
then compared with a3 minimal promoter activity in PC12 cells.
As shown in Figure 6, the presence of additional copies of the

repeat region resulted in a greater than additive activation of the
a3 promoter, such that when three copies were present, a .60-
fold stimulation was seen. These results show that multiple copies
of the repeat region act synergistically to create a powerful cis

Figure 5. The repeat region is necessary and sufficient for b439 activity. Comparison of a3 minimal promoter activities when linked in cis with different
portions of the b439 enhancer fragment. RSV-bgal-corrected activities are relative to the activity of the a3(2238/147)-luc in PC12 cells. Error bars
indicate mean 6 SD, n 5 4, except for line 3, in which error bars indicate mean 6 range for two separate transfections. Solid tandem rectangles, 37 bp
repeats; open rectangle, 14 bp palindrome; thick line, remainder of 187 bp SacI /SpeI fragment; cross-hatched rectangle, a3 minimal promoter.

Figure 6. Multimerized repeat region activates synergistically. RSV-bGal-corrected luciferase activities were determined relative to the activity of the
a3 minimal promoter construct a3(2238/147)-luc for reporters bearing either one, two, or three copies of the b439 repeat region cloned upstream of the
a3 minimal promoter. Error bars indicate mean6 SD, n5 3. Schematic symbols are as described in previous legends. Open data bar represents predicted
additive activity of the 33 enhancer reporter.
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element and thus provide additional confirmation that the repeat
region of the 187 bp SacI /SpeI fragment is an enhancer.

The b43* enhancer displays cell-type-specific activity
We next investigated whether the activity of b439 was cell-type-
restricted. For this experiment, the enhancer was tested upstream
and in reverse orientation relative to the SV40 promoter in a
variety of cell lines from diverse tissue origins. We chose to use
the SV40 promoter for these assays because of its robust activity
in a variety of cell lines; however, results similar to those pre-
sented below were obtained in the context of the a3 promoter (J.
McDonough and E. Deneris, unpublished observations). For each
cell line assay, positive-control luciferase reporters bearing the
SV40 promoter and enhancer, the CMV promoter, or the RSV
promoter were transfected in sister cultures to ensure the linearity
of luciferase activity. In addition to PC12 cells, two other neural
lines, C1300 and C6, were tested. The C6 line is derived from a
CNS glioma and C1300 from a mouse neuroblastoma. The four
non-neural lines were HeLa cells, which are derived from a
human adenocarcinoma, Rat 2 cells, a rat fibroblast line, Clone 9
cells, a rat liver line, and ARIP cells, which are a rat pancreatic
tumor line. Northern blot analyses showed that among these lines,
only the PC12 line expresses the a3 gene (McDonough and
Deneris, unpublished observations). In contrast to the six- to

sevenfold activation of the SV40 promoter in PC12 cells, a less
than twofold activation was seen in each of the non-neural lines,
which shows that the enhancer does indeed exhibit cell-type-
restricted activity (Fig. 7). Interestingly, although the enhancer
showed some activity in C6 and C1300 cells, it was weak relative
to its activity in PC12 cells. Because human keratinocytes have
been shown to express the a3 and b4 genes (Grando et al., 1995),
we also tested b439 activity in the primary cultures of these cells.
As shown in Figure 7, b439 activity was virtually inactive in these
cells. Together, these results suggest that the activity of b439 is
highly restricted even among different neural cell types, which
makes it an attractive candidate for participating in the neuron-
restricted expression of one or more of the clustered neuronal
nAchR genes.

The b43* repeat forms a unique complex with PC12
cell nuclear extracts
To begin to characterize the nuclear proteins that bind b439 and
to determine whether PC12 cells express unique b439 binding
factors that correlate to its cell-type-specific activity, EMSAs were
performed with a radiolabeled oligonucleotide bearing the first
repeat of b439 and nuclear extracts prepared from cell lines
described in Figure 7. With PC12 cell extracts, a complex RBP1
was detected (Fig. 8A). RBP1 represents specific binding to

Figure 7. Cell-type-specific activity of b439. Cell lines and primary keratinocytes were transfected with a luciferase reporter bearing a single copy of the
187 bp b439 enhancer fragment placed immediately upstream of and in reverse orientation relative to the SV40 promoter. RSV-bgal-corrected data are
presented as SV40 promoter activity in the presence of the enhancer divided by basal SV40 promoter activity. Error bars indicate mean 6 SD, n $ 4,
except for keratinocytes, in which n 5 3. PC12, Rat pheochromocytoma; HeLa, human adenocarcinoma; Rat2, rat fibroblast; Clone 9, rat liver; ARIP, rat
pancreatic tumor; C6, rat CNS glioma; C1300, mouse neuroblastoma.
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probe, because a 100-fold molar excess of unlabeled repeat elim-
inated formation of this complex, but competition with an equiv-
alent molar excess of oligonucleotides bearing either AP1 binding
sites or Pax-5 binding sites failed to compete (Fig. 8A). Compe-
tition with unlabeled second repeat also inhibited RBP1 forma-
tion, which suggests (as expected) that the two repeats are able to
bind the same protein or proteins (data not shown). A slightly
faster migrating complex just below RBP1 was also detected, but
this may represent nonspecific binding to probe, because as shown

in Figure 8A, 100-fold molar excess of each competitor oligonu-
cleotide eliminated nearly all of this complex. Oligonucleotides
bearing octamer sites or AP2 sites also eliminate this complex,
which further support the idea that this complex represents non-
specific binding to probe (data not shown). Interestingly, when
extracts from the rat non-neural cell lines were tested, complexes
co-migrating with RBP1 were not detected (Fig. 8B). One com-
plex was detected in each of these extracts, which co-migrated
with the PC12 nonspecific complex. These are likely to be non-

Figure 8. The b439 repeat forms a unique complex with PC12 extracts. A duplex oligonucleotide probe bearing a single copy of the b439 first repeat was
used in mobility shift assays with nuclear extracts prepared from the indicated cell lines, as described in Methods and Materials. A, Analysis of the PC12
cell extract. Lane 1, Free probe; lane 2, PC12 extract; lane 3, PC12 extract incubated with 100-fold molar excess unlabeled first repeat-bearing
oligonucleotide; lane 4, PC12 extract incubated with 100-fold molar excess AP1-bearing oligonucleotide; lane 5, PC12 extract incubated with 100-fold
molar excess Pax-5-bearing oligonucleotide. B, Analysis of the indicated rat non-neural extracts. Lane 1, Free probe; lane 2, PC12 extract; lane 3, Rat 2
extract; lane 4, Clone 9 extract; lane 5, ARIP extract. C, Analysis of C6 nuclear extract. Lane 1, Free probe; lane 2, PC12 extract, slowest mobility complex
is RBP1; lane 3, C6 extract; lane 4, C6 extract incubated with 100-fold molar excess unlabeled first repeat-bearing oligonucleotide; lane 5, C6 extract
incubated with 100-fold molar excess AP1-bearing oligonucleotide; lane 6, C6 extract incubated with 100-fold molar excess Pax-5-bearing oligonucleotide.
D, Analysis of C1300 nuclear extract. Lane 1, Free probe; lane 2, PC12 extract, slowest mobility complex is RBP1; lane 3, C1300 extract; lane 4, C1300
extract incubated with 100-fold molar excess unlabeled first repeat-bearing oligonucleotide; lane 5, C1300 extract incubated with 100-fold molar excess
AP1-bearing oligonucleotide; lane 6, C1300 extract incubated with 100-fold molar excess Pax-5-bearing oligonucleotide. Vertical line adjacent to each of
the autoradiograms marks a set of ubiquitous low-molecular-weight complexes detected with all extracts and, therefore, their distribution does not
correlate with the cell-type-specific activity of b439. Arrows point to the position of the PC12 cell-derived RBP1 complex.
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specific complexes as well, because similar to the PC12 nonspecific
complex, competition with oligonucleotides bearing AP1 and
Pax-5 bindings sites eliminated the Rat 2 complex (data not
shown) and a similar C6-derived complex (see below).
Analysis of the C6 and C1300 extracts revealed more than one

complex, some of which appeared to be similar in size to the PC12
cell-derived RBP1 complex. As shown in Figure 8C, extracts from
C6 cells formed two complexes. The lower mobility complex
represents specific binding to probe, because a 100-fold molar
excess of unlabeled repeat eliminated formation of this complex,
but competition with an equivalent molar excess of oligonucleo-
tides bearing either AP1 binding sites or Pax-5 binding sites did
not compete. However, this complex is not likely to be formed by
the same PC12 cell protein forming RBP1, because the mobilities
of these complexes are slightly different, suggesting that they
represent novel complexes (Fig. 8C). The higher mobility complex
formed with C6 extracts co-migrated with the nonspecific complex
formed with PC12 extracts and, similar to PC12 extracts, this
probably represents nonspecific binding to probe, because its
formation was eliminated by competition with AP1- and Pax-5-
bearing oligonucleotides. Two complexes were detected with
C1300 extracts, and both of these represented specific binding,
because although a 100-fold molar excess of unlabeled repeat
completely eliminated these complexes, an equivalent excess of
AP1 and Pax-5 competitors did not inhibit formation of these
complexes. However, similar to the protein(s) in C6 cells that
binds to the repeat, the repeat-binding proteins in C1300 appear
to be different from the PC12 cell protein that forms RBP1.
Together these results suggest that among the neural and non-
neural cell lines investigated, PC12 cells contain a differentially
expressed factor (or factors) that specifically binds the b439 en-
hancer repeat, and this binding activity correlates well with the
cell-type-specific activity of b439.

DISCUSSION
Highly restricted expression patterns of clustered neuronal
nAchR genes are likely to be established, in part, by cell-type-
specific enhancers. Described here is an enhancer, b439, which is
positioned within the 39-untranslated exon of the neuronal nAchR
b4 gene ;2.5 kb upstream of the a3 gene. The cell-type-specific
activity of this enhancer suggests that it is important for regulating
patterns of one or more clustered neuronal nAchR genes.
Several lines of evidence support the conclusion that b439 is an

enhancer and not a second a3 promoter. First, its activity does not
depend on its position or orientation relative to a test promoter.
Second, it activates transcription when placed in reverse orienta-
tion to the SV40 promoter. Third, no significant activity is seen
unless b439 is linked in cis to a promoter. Fourth, multimerization
of the element upstream of the a3 minimal promoter results in
synergistic activation. Fifth, no PC12 cell-derived a3 exon se-
quences can be detected in the 39-untranslated exon of b4 (Yang
et al., 1997).
The enhancer was identified within a 187 bp fragment that we

subdivided, based on sequence features, into three regions. The
first region proximal to the b4 translation stop codon bears two
nearly identical 37 bp repeats, which are separated by a 6 bp
spacer segment. There are only three nucleotide differences be-
tween the two repeats, and these differences are clustered near
one another. The second region located 6 bp downstream of the
repeats consists of a nearly perfect 14 bp palindrome. The remain-
der of the 187 bp fragment constitutes the third region, which is 80
bp. We investigated the importance of each of these regions for

positive transcriptional activity by testing deletions of the 187 bp
fragment and found that the second and third regions were
dispensable for full activity. Although the palindrome in the
second region did not exhibit activity in our assays, it is still
possible that this sequence motif has a function in other cell types.
Our results, therefore, demonstrate that the activity of the en-
hancer in PC12 cells is mediated by sequences in the repeat
region. Computer-assisted comparison with transcription factor-
motif databases (Computational Biology and Informatics Labora-
tory, University of Pennsylvania, TESS database) revealed some
weak similarities to DNA binding sites described previously. The
majority of the repeat sequence, however, appears to be unrelated
to consensus sequences previously described. This, together with
the relatively long length of the b439 repeats, suggest that the
repeats may constitute a unique cis regulatory interface for mul-
tiple interacting DNA binding proteins, some of which are per-
haps novel transcription factors.
The expression patterns of the clustered neuronal nAchR sub-

unit genes are complex. In the CNS, members of the cluster are
expressed in selected populations of neurons but not in glia. The
three genes are co-expressed in peripheral ganglia neurons and, at
least in ciliary ganglia neurons, the subunits encoded by these
genes are assembled together into a neuronal nAchR subtype
(Conroy and Berg, 1995). The expression of these genes in pe-
ripheral ganglia is regulated differentially during development and
in response to cell–cell interactions, which arise from presynaptic
innervation and synaptic connections with target tissues (Boyd et
al., 1988; Devay et al., 1994; Mandelzys et al., 1994; Levey et al.,
1995). It is not clear, however, whether differential regulation
occurs at the level of gene transcription, a post-transcriptional
step, or both. Outside of the nervous system, the only tissues
reported to express members of the cluster are thymus, which
expresses a3 (Mihovilovic and Roses, 1993), muscle, which ex-
presses b4 and a5 (Corriveau et al., 1995), and human keratino-
cytes, which express a3 and b4 (Grando et al., 1995). This suggests
that control of the three clustered genes is achieved, at least in
part, through the activity of enhancers with narrow cell-type
specificities. The b439 enhancer is intriguing in this sense, because
although it has strong activity in PC12 cells, it is nearly inactive in
several non-neural lines and human keratinocytes. Moreover, it is
only weakly active in two other neural lines, the mouse C1300
neuroblastoma line and rat C6 CNS glioma line. PC12 cells are
the only cell line used here that express the endogenous a3 gene.
Thus, the activity of b439 is remarkably restricted and in a manner
that correlates with major aspects of nAchR expression patterns.
The narrow cell specificity of b439 is correlated with the formation
of a protein–DNA complex, RBP1, in PC12 cell nuclear extracts
that was not detected in other cell line extracts. Our findings
suggest, therefore, that the preferential activity of b439 in PC12
cells results from interactions with at least one cell-type-specific
regulatory protein.
As described above, the expression patterns of clustered neu-

ronal nAchR genes overlap with one another, which is consistent
with the heteromeric composition of nAchR subtypes (Duvoisin
et al., 1989; Wada et al., 1989; Boulter et al., 1990; Dineley-Miller
and Patrick, 1992; Corriveau and Berg, 1993; Mandelzys et al.,
1994). One way in which co-expression among these genes might
be controlled is through shared cis regulatory elements positioned
to influence more than one member of the cluster. For example,
regulatory elements located between members of the Hox com-
plexes control Hox genes on either side of the elements (Gérard
et al., 1996; van der Hoeven et al., 1996). The b439 enhancer is,
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perhaps, a shared cell-type-specific cis element, because it is
located between the b4 and a3 coding regions, which may allow it
to influence both the b4 and a3 promoters. It also has the ability
to act equally well on both the b4 and a3 promoters irrespective
of orientation and is preferentially active in a neural cell type that
expresses both genes. The expression patterns of the clustered
genes, however, are not identical, which suggests that gene-
specific cis elements may play a role in establishing individual
patterns of transcription. Although our transient assays indicate
that there is no fundamental discrimination between b4 and a3
promoters by b439, it is possible that additional mechanisms
involving chromatin insulator sequences may isolate the endoge-
nous b4 gene from the influence of the enhancer (Cai and Levine,
1995). Thus, an important future goal is to use transgenic methods
to determine which of the three clustered genes is influenced by
b439 in vivo and whether b439 is a shared cell-type-specific cis
element.
Control of nAchR gene transcription in muscle is achieved, at

least in part, through the interaction of myogenic factors with E
boxes located upstream of nAchR subunit genes (Piette et al.,
1990; Gilmour et al., 1991; Simon and Burden, 1993). In contrast
to nAchR genes expressed in muscle, very limited information is
available regarding the cis-acting elements that regulate neuronal
nAchR gene transcription. Daubas et al. (1993) showed that an a2
transgene construct bearing the entire avian a2 gene coding
region, as well as 7 kb upstream and 3 kb downstream, was
expressed in a neuron-specific manner in selected CNS nuclei. In
a separate study, these investigators identified a silencer near the
transcription start site region of the a2 gene, which was active in
both neural and non-neural cells (Bessis et al., 1993). At least part
of the silencing activity was found to reside in six Oct-like repeats
distributed over a 160 bp region both upstream and downstream
of the most 59 start site. Near the start site region of the a3 gene
is a G-rich motif, which mediates Sp1 transactivation and binds
Sp1-immunoreactive material in PC12 cells extracts. Mutation of
this site nearly abolishes a3 promoter activity (Yang et al., 1995).
A similar element is present near the b4 promoter start site and
is thought to bind novel factors enriched in brain (Hu et al., 1995).
It is not clear, however, what role, if any, these cis elements play
in controlling restricted patterns of neuronal nAchR gene
transcription.
Expression of the avian nAchR b3 gene is limited to inner

nuclear and ganglion cells of the retina and sensory ganglia.
Interestingly, Hernandez et al. showed, using transient transfec-
tion assays in freshly dissociated cultures of central neurons, that
a 143 bp b3 promoter fragment was active in retinal neurons
isolated at an early developmental stage but not at other stages or
in non-neural cells (Hernandez et al., 1995). Thus, cis elements
directing highly restricted expression of a reporter gene to the
appropriate b3-positive cell types are present within the b3 pro-
moter region. The results presented here suggest that the a3 gene
may be regulated differently from b3 in that control of what is
apparently a housekeeping-type promoter near the a3 coding
region is regulated by distant cell-type-specific enhancers. This
difference in regulation may arise, because although a3 expression
is restricted, it is not as restricted as b3 and, therefore, more
complex and diverse regulatory regions may be required to con-
trol a3 in a wider range of cell types. We propose that b439 is one
of the cis-acting regulatory interfaces required to restrict expres-
sion of one or more of the neuronal nAchR cluster genes to
neurons. Its presence within another gene may be a selective
pressure for maintaining the tight linkage of the b4 and a3 genes.
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