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Expression of the gene encoding neurotensin/neuromedin N (NT/N) is mostly limited to the brain and
specialized enteroendocrine cells (N cells) of the distal small intestine. We have analyzed the NT/N DNA
sequences upstream of the RNA start site that direct cell-specific expression using a novel human endocrine
cell line, BON, that resembles intestinal N cells in several important aspects, including NT/N precursor protein
processing, ratios of different NT/N mRNA forms, and high levels of constitutive expression of the NT/N gene.
Transient transfection assays with plasmids with progressive 5’ deletions of the rat NT/N promoter identified
the proximal 216 bp of 5’ flanking sequences as essential for high-level constitutive NT/N expression in BON
cells. In addition, a detailed mutational analysis defined multiple regions within the proximal 216 bp that
contribute to cell-specific NT/N expression. These elements include a proximal cyclic AMP response element
(CRE)/AP-1-like motif (TGACATCA) that binds c-Jun, JunD, CRE-binding (CREB), and ATF proteins, a
near-consensus glucocorticoid response element, and a distal consensus AP-1 site that binds c-Fos, Fra-1, and
JunD. In addition, elements contained within two 21-bp imperfect direct repeats play an important role in
NT/N expression in BON cells and may bind novel factors that act as positive regulators of NT/N expression.
DNase I footprinting and gel shift analyses demonstrate that the sites identified by mutational analysis, and
at least one additional site, specifically bind BON cell nuclear proteins in vitro. We speculate that a complex
pattern of regulation requiring interaction between a proximal CRE/AP-1-like motif and other upstream
control elements play an important role in the high-level constitutive expression of NT/N in the human
endocrine cell line BON. In addition, the BON cell line provides a unique model to further characterize the
factors regulating cell-specific NT/N expression and to better understand the mechanisms responsible for the
terminal differentiation of the N-cell lineage in the gut.

Neurotensin (NT), a tridecapeptide released from special-
ized enteroendocrine cells (N cells) of the small bowel (33),
has numerous physiologic functions in the gastrointestinal (GI)
tract, including stimulation of pancreatic secretion (8) and
colonic motility (75), as well as the inhibition of gastric and
small bowel motility (2). In addition, NT facilitates fatty acid
translocation from the intestinal lumina of rats (6) and stimu-
lates growth of various GI tissues, including pancreas (34),
colon (29), and small bowel (20, 30, 31, 44, 79) tissues. Collec-
tively, these studies identify NT as an important contributory
hormone for the maintenance of both gut structure and func-
tion.

The primary sequence of the gene encoding NT and the
structurally related hexapeptide neuromedin N in rats and
humans has been determined elsewhere (10, 49). In the GI
tract, NT/neuromedin N (NT/N) gene expression is primarily
confined to the terminally differentiated N cell in adult small
bowel (68). Similarly to other gut hormones (14, 51, 78), NT/N
expression has also been identified in endocrine tumors of the
pancreas (18, 74), thus suggesting a common ancestral lineage
between N cells of the gut and pancreatic endocrine cells, a
hypothesis which is further supported by the finding that en-
teroendocrine and pancreatic endocrine cells arise from the
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embryonic gut endoderm (53). Expression of the NT/N gene is
developmentally regulated in the intestines of both rats and
humans in a distinctive temporal and spatial-specific distribu-
tion (27, 32, 62). The level of NT/N expression in the small
bowel is initially low in the fetus but rapidly increases after
birth to assume the typical adult topographical distribution of
increasing NT/N expression along the longitudinal axis of the
small bowel. In the human colon, NT/N is expressed in the
fetus during midgestation when the colon bears morphologic
and functional similarity to the small bowel; NT/N expression
is not apparent in the colon of the newborn or the adult (32).
These studies indicate that the NT/N gene will provide a useful
molecular paradigm to better define the complex differentia-
tion pathway leading to small bowel and colonic phenotypes
and to investigate the factors regulating establishment and
maintenance of certain cell lineage-specific patterns along the
duodenum-to-colon axis of the gut.

The factors regulating induction of the NT/N gene have
been examined by using rat medullary thyroid carcinoma
(rtMTC) (22, 81) and rat pheochromocytoma (PC12) cell lines
(40). The NT/N gene is not detectably expressed in untreated
PC12 cells, and little or no increase in expression is observed in
cells treated with single agents. In contrast, NT/N gene expres-
sion and NT peptide production are induced several hundred-
fold in response to combined treatment with nerve growth
factor (NGF), dexamethasone, lithium, and the adenylate cy-
clase activator forskolin (23, 50, 76). Transfection experiments
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TABLE 1. Sequences of synthetic oligonucleotides used in this study

Oligonucleotide® Sequence? Reference(s)
WT1 (—60/—36) 5'-CCTGTACAGTCATGACATCACCCTG-3' 49, 50
WT2 (—122/-93) 5'-GTGGGGGATGAGATGAGGGACAAAGAGAAA-3’ 49, 50
WT3 (—96/—67) 5'-GAAAGGAGGGGGGATGGAGATGAAGGCAGA-3’ 49, 50
WT4 (—=150/—125) 5'-GATCGTCACTTTCAATCAAGGTTCAT-3’ 49, 50
WTS (—170/—151) 5'-CAACAGCTGCAATTAGGGAA-3’ 49, 50
WT6 (—198/—175) 5'-ACTCTTTCCGTGAGTCAGAAACCC-3' 49, 50
C/EBP 5'-GCTGCAGATTGCGCAATCTGCAGCA-3’ 1
SEB 5'-GCCGGACGACAGCTGGGGGGGCGG-3' 78
IEB 5'-AGGTAGGCAGATGGCGAGAGGGGC-3’ 46

“ Rat NT/N (wild type), SEB, and IEB.
> Underlined sequences for WT1 correspond to the CRE/AP-1-like motif.

have demonstrated that all of the cis-regulatory elements re-
quired for NT/N induction in PC12 cells are contained in the
proximal 200 bp of 5’ flanking sequences of the rat NT/N gene
and include a consensus AP-1 site, two near-consensus cyclic
AMP response elements (CREs), and a near-consensus glu-
cocorticoid response element (GRE) (50). These elements
function cooperatively to integrate multiple environmental
stimuli into a concerted transcriptional response. In contrast to
NT/N gene induction, the regulatory sequences required for
the cell-specific expression of NT/N are not known, in part
because of the lack of a suitable enteroendocrine cell model.
Although notable attempts have been made to isolate en-
teroendocrine cells from the canine gastric and intestinal mu-
cosa (9, 73), these primary cultures are insufficiently pure and
difficult to maintain for more than a few days, thus rendering
these cells unsuitable for many molecular biologic approaches.

In our present study, we have utilized the novel BON cell
line to delineate the regulatory elements required for cell-
specific expression of the rat NT/N gene. BON cells, like the
terminally differentiated N cells of the small bowel, express
high levels of NT/N mRNA, synthesize and secrete NT pep-
tide, and process the NT/N precursor protein in a fashion
identical to that of normal intestine, with neuromedin N
present in its large molecular form and NT present as the small
peptide (17, 28), thus providing an ideal model to discern the
mechanisms underlying the high-level constitutive NT/N ex-
pression that is characteristic of the intestinal N-cell pheno-
type. A detailed mutational analysis defined multiple regions
within the proximal 200 bp of 5’ flanking sequence that con-
tribute to constitutive NT/N expression in BON cells. Certain
elements are critical for both cell-specific expression in BON
cells and induction in PC12 cells, for instance, a proximal
region (positions —58 to —38) of the NT/N promoter that
contains a CRE/AP-1-like motif (TGACATCA) which is iden-
tical to a c-un autoregulatory element (3). However, in
marked contrast, a distal consensus AP-1 site that plays a
pivotal role for NT/N induction in PC12 cells has a much
smaller effect on cell-specific expression in BON cells. Further-
more, elements contained within two purine-rich imperfect
direct repeats (IDRs) play a prominent role in BON cells but
a comparatively minor role in induction of NT/N in PC12 cells.
DNase I footprinting and gel shift experiments confirm that
the sites identified by mutational analysis (and at least one
additional site) specifically bind BON cell nuclear proteins in
vitro. Therefore, our results indicate that a different array of
cis-regulatory motifs, localized in the proximal 120 bp of the
5'-flanking sequence, are required for high-level constitutive
NT/N expression in BON cells and include, most importantly,
a proximal CRE/AP-1 site that binds c-Jun, JunD, CRE-bind-

ing (CREB), and ATF proteins and a purine-rich IDR region
that may bind novel transcription factors.

MATERIALS AND METHODS

Materials. Restriction, ligation, and other DNA-modifying enzymes were pur-
chased from Promega (Madison, Wis.) or Stratagene (La Jolla, Calif.). DNase I
(DPRF) was purchased from Worthington Biochemical Corporation (Freehold,
N.J.). Nucleotides and poly(dI - dC) were purchased from Pharmacia LKB Bio-
technology, Inc. (Piscataway, N.J.), and radioactive compounds were obtained
from Du Pont-New England Nuclear (Boston, Mass.). Tissue culture media and
reagents were obtained from Gibco-BRL (Grand Island, N.Y.). All other re-
agents were of molecular biology grade and were obtained from either Sigma (St.
Louis, Mo.) or Amresco (Solon, Ohio). Elutip-d columns were purchased from
Schleicher & Schuell (Keene, N.H.). Thin-layer chromatography (TLC) plates
were purchased from Whatman (Hillsboro, Oreg.), En*Hance spray was pur-
chased from Du Pont (Boston, Mass.), and autoradiography film was purchased
from Kodak (Rochester, N.Y.). Oligonucleotides containing consensus CRE,
AP-1, and Spl binding sites were obtained from Promega. Oligonucleotides
corresponding to rat NT/N wild-type promoter sequences, C/EBP (1), the secre-
tin E box (SEB) (78), and the insulin E box (IEB) (46) were synthesized, and the
coding strands are indicated in Table 1. Specific antibodies against the AP-1 and
CREB/ATF/CREM proteins were from Santa Cruz Biotechnology, Inc. (Santa
Cruz, Calif.). Antisera against C/EBP«, C/EBPB, and C/EBP3 were provided by
Steven L. McKnight (Tularik, Inc., San Francisco, Calif.).

Cell culture. The human carcinoid cell line BON, which was established in our
laboratory (26, 65), was cultured in Dulbecco’s modified Eagle’s medium and
F12K in a 1:1 ratio supplemented with 5% (vol/vol) fetal calf serum. MIA PaCa-2
cells, a human pancreatic adenocarcinoma cell line (80), and HeLa cells, a
human cervical cancer cell line, were obtained from the American Type Culture
Collection and cultured in Dulbecco’s modified Eagle’s medium with 10% fetal
calf serum. AKR-2B cells, a normal mouse fibroblast cell line (61), were cultured
in McCoy’s medium with 5% fetal calf serum. All cells were maintained in a
humidified atmosphere of 95% air and 5% CO, at 37°C.

Plasmid constructions. Rat NT/N gene 5’ deletion, linker scanner, and inter-
nal deletion chloramphenicol acetyltransferase (CAT) constructs have been de-
scribed previously (50). To characterize the functional significance of the rat
NT/N promoter region from —168 to —155 (protected region III), mutations
were introduced into this region by oligonucleotide-directed mutagenesis.
Briefly, the NT/N promoter region was cloned into M13mp19 and transfected
into a Dam™~ JM101 strain (JM101-201) of Escherichia coli to generate single-
stranded template DNA. Phosphorylated oligonucleotides were individually an-
nealed with template DNA, extended with unmodified T7 DNA polymerase (11),
and treated with T4 DNA ligase, and the resulting double-stranded DNA was
transformed into JM101-201. The oligonucleotides were designed such that suc-
cessive 6-bp promoter sequences were converted to either Smal, BamHI, or Clal
restriction sites. Mutant phages were identified by digestion of replicative form
DNA with appropriate restriction enzymes and were sequenced. Mutant pro-
moters were excised by digestion with HindIII and Sacl and were cloned up-
stream of the luciferase gene in HindIII-Sacl-digested pXP2 (63). The construc-
tion of the pXP2 luciferase reporter plasmid driven by the wild-type rat NT/N
promoter fragment has been previously described (50). Plasmids for transfection
were prepared by alkaline lysis and then by two successive bandings on cesium
chloride density gradients by standard methods (70). At least two plasmid DNA
preparations were used for each experiment to ensure reproducibility.

Transient transfection, CAT, luciferase-, and B-galactosidase assays. For the
transfection studies with the rat NT/N promoter CAT constructs, cells were
seeded at 2 X 10° in 100-mm-diameter culture dishes 1 day prior to transfection.
A DNA mixture containing 25 pg of transient-expression vector was precipitated
by the calcium phosphate method (38, 39). To control for differences in trans-
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fection efficiency, cells were cotransfected with 5 g of the plasmid pCH110 (42),
which contains the bacterial B-galactosidase gene fused to the simian virus 40
early promoter. The cells were refed 2 to 3 h prior to the transfection. The
medium was removed 4 h later, and the cells were treated for 2 min with 15%
(vol/vol) glycerol in phosphate-buffered saline (PBS), washed twice with N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)-buffered saline, and
refed. The cells were harvested 48 h after the addition of DNA. Cell extracts
were prepared by freeze-thawing of the transfected cells three times in 100 pl of
0.25 M Tris-HCI (pH 7.5) and by centrifugation for 10 min at 4°C. Protein
concentrations were determined by the method described by Bradford (13). CAT
activity in the cell extracts was assayed as described by Gorman et al. (38) with
acetyl coenzyme A and [**C]chloramphenicol. The reaction products were sep-
arated by TLC. TLC plates were dried, sprayed with En*Hance, and visualized by
autoradiography. Acetylated reactions were quantified by liquid scintillation
counting of the excised TLC spots.

For luciferase assays, BON cells were plated at a density of 0.7 X 10° cells in
60-mm dishes 36 h prior to transfection. Rat NT/N promoter-luciferase gene
constructs (7.5 pg) were cotransfected with 2.0 pg of pCH110 by calcium phos-
phate coprecipitation. Forty-eight hours after transfection, the cells were rinsed
with PBS and lysed directly on the dish with 250 wl of a 1X cell culture lysis
reagent (Promega). Luciferase activity in 20 pl of extract was assayed with a
luciferase assay system (Promega). Light emissions were integrated for the initial
10 s of emission by using a Monolight 2010 luminometer (Analytical Lumines-
cence Laboratory).

B-Galactosidase assays were carried out as follows. A 20-wl volume of super-
natant was added to 0.6 ml of reaction mixture (0.1 M sodium phosphate [pH
7.8], 10 mM KCI, 50 mM B-mercaptoethanol, 1 mM MgCl,). The reaction
mixture was warmed to 37°C, 120 .l of ortho-nitrophenol-B-p-galactopyranoside
(2 mg/ml) was added, the mixture was incubated at 37°C. The reactions were
allowed to proceed until a visible color developed and then were stopped by the
addition of 0.3 ml of Na,CO; and extrapolated to A4,(,. Either CAT or lucif-
erase promoter activity resulting from transfection of each test construct was
normalized to expression of B-galactosidase. For experiments using the 5’ dele-
tion NT/N-CAT plasmids, CAT activities (means = standard deviations [SD]
after normalization for B-galactosidase) for four to eight independent transfec-
tions (BON cells) and three independent transfections (AKR-2B, HeLa, and
MIA PaCa-2 cells) were expressed as percentages of activity of pSV2CAT (38)
measured in parallel sets of dishes. For the mutational analyses performed with
BON cells, either CAT or luciferase activities were expressed as percentages of
the wild type (positions —216 to +56 [—-216/+56]) and are means = SD of at
least four separate transfections.

Preparation of nuclear extracts and in vitro DNase I footprinting. Crude
nuclear extracts were prepared from BON cells according to the method de-
scribed by Shapiro et al. (71). The extracts were quick-frozen and stored in
aliquots at —80°C and used within 2 months of extraction.

The rat NT/N promoter fragment (—216/+56) was end labeled on either the
noncoding or the coding strand with [a-*P]dATP by a fill-in reaction using
DNase I polymerase I Klenow fragment. The appropriate end-labeled fragments
were obtained by secondary digestion with a suitable restriction enzyme and
fractionation on a 5% polyacrylamide gel. The gel was exposed to X-ray film for
3 min at room temperature, and the radioactive insert band was cut from the gel,
eluted in 0.3 M NaAc overnight, and then purified by Elutip-d columns and then
by ethanol precipitation. DNase I digestion assays were carried out on ice in a
final volume of 50 ul containing 8 mM HEPES (pH 7.9), 40 mM KCl, 10.5%
glycerol, 2% polyvinyl alcohol, 10 mM Tris (pH 8.0), 0.6 mM EDTA, 0.7 mM
dithiothreitol, and 3 pg of poly(dI - dC) with various amounts of BON nuclear
protein. The extract was preincubated for 10 min, after which 25,000 cpm of
end-labeled probe was added and the mixture was incubated for an additional 20
min at room temperature. Freshly diluted DNase I in 10 mM MgCl, was added,
and digestion was allowed to proceed for 30 s at 20°C. The amount of DNase I
was adjusted empirically for each extract to produce an even pattern of partial
cleavage products. Reactions were stopped by the addition of 150 wl of stop
solution (5 mM EDTA, 0.5% sodium dodecyl sulfate, 8 M urea). Samples were
then extracted with phenol-chloroform, and the DNA was precipitated from the
aqueous phase with 2 volumes of ethanol. The DNA pellets were dried and
resuspended in sequencing stop buffer (0.1% xylene cyanol, 0.1% bromophenol
blue, 10 mM Na, EDTA, 95% deionized formamide), and the suspension was
incubated at 95°C for 3 min and loaded onto a 6% polyacrylamide-8 M urea
sequencing gel. Areas protected from digestion were determined by parallel
running of DNA sequencing ladders.

EMSAs and methylation interference analysis. Synthetic oligonucleotides cor-
responding to the top and bottom strands of wild-type NT/N sequences were
synthesized. A single strand was labeled with [y->P]ATP and T4 polynucleotide
kinase and then annealed to its complementary nonradiolabeled oligonucleotide.
Electrophoretic mobility shift assay (EMSA) mixtures contained 30,000 cpm
(~0.5 ng) of 3?P-end-labeled oligonucleotide and 10 to 20 p.g of nuclear protein
in a final volume of 20 pl of 12.5 mM HEPES (pH 7.9)-100 mM KCI-10%
glycerol-0.1 mM EDTA-0.75 mM dithiothreitol-0.2 mM phenylmethylsulfonyl
fluoride-1 pg of bovine serum albumin with 3 pg of poly(dI - dC) as nonspecific
competitors. The reaction was incubated for 20 min at room temperature. Com-
petition binding experiments were performed by first incubating the competitor
fragment, in molar excess, with the nuclear protein extract and binding buffer for
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10 min on ice. The labeled probe was then added, and incubation continued for
15 min at room temperature. The reaction mixtures were loaded onto 6%
nondenaturing polyacrylamide gels and resolved by electrophoresis at 180 V for
2 to 3 h. For antibody studies, 1 to 2 pl of antiserum was added during the
preincubation for 20 min at room temperature prior to the addition of labeled
probe. The reaction mixtures were then allowed to incubate for an additional 30
min at room temperature before electrophoresis on a 6% nondenaturing poly-
acrylamide gel for 4 to 5 h. The gels were subsequently dried and autoradio-
graphed at —70°C with an intensifying screen.

For methylation interference analysis, the oligonucleotides were partially
methylated with dimethyl sulfate as described by Maxam and Gilbert (57) for 5
min at room temperature. For a typical preparative binding reaction, the usual
conditions were scaled up fivefold and binding and gel electrophoresis were as
described above. After electrophoresis, the gel was exposed wet for 1 h, and the
complex and free fragment bands were excised, eluted, and precipitated accord-
ing to the method described by Maxam and Gilbert (57). Prior to ethanol
precipitation, the solution was extracted sequentially with phenol and chloro-
form. The pellet was rinsed thoroughly with cold 70% ethanol, dried, and then
redissolved in 100 pl of 1 M piperidine. Base cleavage reactions were carried out
for 30 min at 90°C, and then the piperidine was removed by lyophilization. After
two additional rounds of lyophilization from water, the products were analyzed
by electrophoresis through 15 to 20% polyacrylamide gels in the presence of 8 M
urea and then by autoradiography at —70°C.

RESULTS

cis-Regulatory elements located in the proximal 216 bp of
the NT/N promoter control cell-specific expression of the rat
NT/N gene. To delineate the regions of the NT/N promoter
that are important for constitutive expression, transient-trans-
fection assays with a series of NT/N reporter genes containing
sequential deletions of 5'-flanking DNA cloned upstream of
the structural gene encoding CAT were performed. Expression
of these constructs in BON cells, a human pancreatic endo-
crine tumor cell line which constitutively expresses the NT/N
gene (28), was compared with that in three cell lines (MIA
PaCa-2, HeLa, and AKR-2B) which do not express the NT/N
gene (data not shown). As little as 216 bp of 5'-flanking se-
quence of the rat NT/N promoter was sufficient for maximal
reporter gene expression in BON cells, whereas the other cell
lines failed to support expression (Fig. 1). Deletion to —173,
which removed a distal consensus AP-1 site located at posi-
tions —188 to —182, decreased CAT activity in BON cells by
approximately 50%. A further deletion to —120 restored tran-
scriptional activity to about the same level as that of the —216
construct, suggesting the presence of a minor negative regula-
tory element between nucleotides —173 and —120. Progressive
deletions from —120 to —62 resulted in stepwise decreases in
promoter activity, indicating the presence of several positive
regulatory elements. The lowest level of activity in the series of
deletion plasmids was observed with NT/N —43/+56, a mini-
mal promoter plasmid in which a proximal CRE/AP-1-like
element (—48 to —41) is truncated but which still retains the
NT/N TATA box. These results suggest that multiple cis-reg-
ulatory elements within the region from —216 to —43 contrib-
ute to cell-specific expression in BON cells.

Mutational analysis of the rat NT/N promoter identifies
multiple cis elements required for maximal expression. To
identify regions within the proximal 216 bp of the rat NT/N
promoter that are essential for its function, a series of linker
scanner and internal deletion mutant plasmids were trans-
fected into BON cells. CAT activities generated by the plas-
mids were determined and were compared with the activity of
the wild-type (—216/+56) NT/N promoter fragment (Fig. 2A).
Mutations that alter a distal AP-1 site (TGAGTCA), defined
by M1 (—189/—182) and M2 (—182/—173), reduced CAT ex-
pression by 50%. Linker scanner mutant M3 (—145/—136),
which alters a CRE-like half-site (CGTCA), reduced CAT
expression minimally (approximately 25%). The internal dele-
tion mutant M4 (—145/—125), which alters the distal CRE-like
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FIG. 1. NT/N transcriptional activity in the NT/N-expressing BON cell line and NT/N-nonexpressing cell lines AKR-2B, HeLa, and MIA PaCa-2. CAT activities
(means = SD) for four to eight independent transfections (BON cells) and three independent transfections (AKR-2B, HeLa, and MIA PaCa-2 cells) are expressed relative
to the activity of pPSV2CAT transfected in parallel sets of dishes after normalization for differences in transfection efficiency by the B-galactosidase plasmid (pCH110).

motif along with 10 additional downstream nucleotides, in-
creased CAT expression to a level slightly higher than that of
the wild-type NT/N promoter fragment, which suggests the
binding of a minor repressor protein to this region. Collec-
tively, the results obtained from the mutated NT/N promoter
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constructs M1 to M4 correlate very well with the changes in
CAT activity using the 5’ deletion plasmids shown in Fig. 1.
Examination of mutations that alter sites within the proximal
120 bp of the NT/N promoter (M5 to M13) identified two
critical regions that are essential for NT/N expression in BON
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FIG. 2. Mutational analysis in BON. (A) Relative CAT expression generated by the wild type (—216/+56) or linker scanner and internal deletion NT/N-CAT
mutants (M1 to M13) after transfection in BON cells. The activity of —43/+56 NT/N CAT was measured for comparison and is also depicted. CAT activities are
expressed as percentages of that of the wild type and are means = SD of four separate transfections after normalization for B-galactosidase expression. (B) Plasmids
containing the rat NT/N control region (—216/—28) in either orientation upstream of a minimal heterologous prolactin (PRL) promoter and transfected into BON cells.
Relative CAT activities are expressed as percentages of that of the wild-type (—216/+56) NT/N fusion plasmid and are means * SD of four separate transfections after

normalization for B-galactosidase expression.
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cells (Fig. 2A). The first region, delineated by the linker scan-
ner mutant M7 (—112/—103) and two mutants with internal
deletions, M8 (—129/—103) and M9 (—100/—87), contains two
21-bp purine-rich IDRs. The second region, defined by linker
scanner mutants M11 (—73/—63), M12 (—58/—48), and M13
(—52/—43), contains a GRE-like sequence located at positions
—67 to —53, that differs by one nucleotide from a functional
tyrosine aminotransferase gene GRE (45); a CRE/AP-1-like
motif located at —48 to —41, which is identical to a cyjun
autoregulatory element (3); and a CRE half-repeat (GTCA)
immediately upstream at —52 to —49. Selective mutations in
both regions produced a 75 to 80% reduction in CAT activity
compared with that of the wild-type (—216/+56) NT/N pro-
moter fragment.

We then determined whether the NT/N 5’'-flanking se-
quences upstream of the TATA element could direct expres-
sion in BON cells when placed in either orientation in front of
a heterologous rat prolactin minimal promoter (Fig. 2B). CAT
activity was similar to that of the wild-type rat NT/N promoter
when the sequences were placed in the proper orientation,
indicating that the cis-regulatory sequences necessary for basal
expression of NT/N are located 5’ to the rat NT/N TATA box.
However, when the sequences were placed in reverse orienta-
tion, CAT activity decreased by 50%, suggesting that these
sequences do not function in a strictly orientation-independent
fashion as has been described for other enhancer regions (7,
16, 25, 59, 67).

DNase I footprinting analysis identifies four protected re-
gions in the rat NT/N promoter. To map binding sites for
trans-acting factors potentially involved in NT/N gene expres-
sion, we performed DNase I footprinting assays using a 272-bp
fragment of 5’-flanking, noncoding region of the rat NT/N
gene (—216/+56). Incubation with increasing amounts of BON
nuclear protein resulted in the appearance of four regions of
protection (Fig. 3A). As shown in Fig. 3B, region I (—58/—38)
contains a CRE/AP-1-like sequence (TGACATCA) at —48 to
—41 and the proximal portion of a putative, near-consensus
GRE. Region II (—150/—124) contains a CRE-like site
(CGTCA) (60) located at nucleotides —147 to —143. Region
III (—168/—155) contains a potential E-box binding site
(CAGCTG) (46, 717, 78) and a sequence from —162 to —158
(GCAAT) that is similar to that of the binding site for C/EBP
(12, 35, 69). Region IV (—198/—175) contains a consensus AP-1
site (TGAGTCA) at —188 to —182. No protection was noted at
sites between nucleotides —116 and —87, despite the deleterious
effect of mutations in this region; however, proteins that specifi-
cally bind to this region were detected by EMSAs (see below).

A complex of proteins that include c-Jun, JunD, ATF-1,
ATF-2, and CREB binds to NT/N region L. To better define the
footprinted region I of the NT/N promoter, DNase I footprint-
ing assays were repeated by using the coding strand of the rat
NT/N promoter (—216/+56) (Fig. 4A). Region I (—58/—38)
was well delineated with increasing amounts of BON nuclear
protein. The addition to the binding reaction mixture of a
synthetic oligonucleotide (WT1), corresponding to nucleotides
—60 to —36 of the NT/N promoter, resulted in the disappear-
ance of the footprint. EMSAs with BON nuclear extracts and
the 3?P-labeled NT/N promoter fragment WT1 were then uti-
lized to define the proteins that interact with footprinted re-
gion I (Fig. 4B). Multiple DNA-protein complexes which were
efficiently abolished with excess unlabeled WT1 and an oligo-
nucleotide containing consensus CRE sites were detected. Fur-
thermore, an oligonucleotide containing consensus AP-1 bind-
ing sites effectively competed for binding to labeled WT1 with
complete inhibition of complex B and partial competition for
the remaining complexes. In contrast, none of the complexes
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FIG. 3. In vitro DNase I footprint analysis of the NT/N gene promoter. (A)
A rat NT/N gene fragment from nucleotides —216 to +56 was labeled on the
noncoding strand, incubated with nuclear extracts from BON cells, and digested
with DNase 1. Areas protected from digestion are bracketed with the corre-
sponding nucleotide positions determined by parallel running of a DNA se-
quencing ladder (G reaction). The numbers at the top of the autoradiogram are
the amounts of nuclear extract (in micrograms of protein) used in each reaction
mixture. (B) Sequence of the rat NT/N promoter fragment from —216 to +1 and
DNase I-protected regions I to IV (shown enclosed in dark boxes).

was affected by an oligonucleotide containing Spl binding
sites, which provides additional evidence that these complexes
resulted from sequence-specific binding. To further confirm
interaction with CREB-like and AP-1 binding proteins, the
oligonucleotides containing the consensus CRE and AP-1
sites, which were used as competitors in Fig. 4B, were labeled
and used in EMSAs with BON nuclear extract. Unlabeled
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WT1 competed for binding to both the CRE- and AP-1-la-
beled oligonucleotide (data not shown). Taken together, these
data suggest that both CREB-like and AP-1 proteins bind
specifically to probe WT1.

To further elucidate the proteins binding to footprinted re-
gion I of the rat NT/N promoter, antisera specific for AP-1 and
CREB/ATF/CREM family members (obtained from Santa
Cruz Biotechnology) were used in EMSAs (Fig. 4C). Super-
shifted complexes were noted by using antisera to c-Jun (lane
3), JunD (lane 4), ATF-1 (lane 7), ATF-2 (lane 8), and CREB
(lane 9). Complex A was made up predominantly by ATF-2
and c-Jun proteins with lesser reactivity to ATF-1. Complex B
was partially supershifted by antibodies specific to JunD and
ATF-2. Complex C was partially supershifted in the presence
of anti-CREB, anti-ATF-1, and anti-JunD. Finally, complex D
was partially supershifted by anti-JunD. In contrast, antibodies
to JunB, c-Fos (Fig. 4C) and FosB, Fra-1, Fra-2, ATF-3,
ATF-4, and CREM (data not shown) did not form a supershift
or prevent formation of the DNA-protein complex. Taken
together, these results identify multiple proteins which include
at least c-Jun, JunD, ATF-1, ATF-2, and CREB binding to the
proximal NT/N promoter element.

JunD, c-Fos, and Fra-1 proteins bind to the distal consensus
AP-1 site (region IV) of the NT/N promoter. We then identified
the proteins that bind to footprinted region IV of the rat NT/N
promoter. As a first step, an oligonucleotide (WT6) corre-
sponding to positions —198 to —175 of the rat NT/N promoter
was used in EMSAs with nuclear extracts from the BON cell
line (Fig. 5A). A single DNA-protein binding complex was
demonstrated which was effectively inhibited by both unla-
beled WT6 and an oligonucleotide containing consensus AP-1
binding sites. In contrast, a nonspecific oligonucleotide corre-
sponding to Spl consensus sites failed to disrupt binding of
BON nuclear extracts to WT6. These results confirm binding
of AP-1 proteins to this distal promoter element.

Preincubation with antisera to the Jun and Fos families of
transcription factors were then performed to determine the
specific proteins binding to this region (Fig. 5B). Antisera
specific to JunD (lane 5), c-Fos (lane 7), and Fra-1 (lane 9), but
not c-Jun, JunB, FosB, or Fra-2, produced a supershifted pat-
tern with BON nuclear extract; however, the amounts of im-
mune complexes were small, especially with antibodies to c-
Fos and Fra-1. Doubling the amount of antisera in the
supershift assays exhibited no change in the intensities of the
supershifted bands (data not shown), indicating that the
amounts used were sufficient. Collectively, these results iden-
tify JunD, c-Fos, and Fra-1 as part of the protein complex that

FIG. 4. Identification of the AP-1 and CREB/ATF proteins that bind to
region I (—60/—36) of the NT/N promoter. (A) To better delineate protected
region I, the coding strand of the NT/N promoter fragment (—216/+56) incu-
bated with nuclear extracts from BON cells. (The numbers on top of the auto-
radiogram are the amounts of nuclear extract [in micrograms of protein] used in
each reaction mixture.) The area protected from digestion is bracketed with the
corresponding nucleotide positions determined by parallel running of DNA
sequencing ladders (G+A and G reactions). A 100-fold molar excess of an
oligonucleotide corresponding to an NT/N promoter fragment from —60 to —36
was used as a competitor (last lane). (B) Competitive binding analysis by gel
retardation assays with BON nuclear extracts (10 pg) and the wild-type (WT1)
NT/N promoter fragment (—60/—36) as a probe. (Boxed sequences designate the
CRE/AP-1 site.) Unlabeled WT1 and oligonucleotides containing consensus
CRE, AP-1, and Sp1 sites (Promega) were used as competition DNAs at 50- and
200-fold molar excesses. At least four specific complexes were noted and were
labeled A through D. (C) Nuclear extracts (10 pg per lane) from BON cells were
preincubated with antisera (2 pl) to the AP-1 and CREB/ATF proteins (Santa
Cruz) prior to the addition of labeled WT1. Supershifted complexes were noted
for c-Jun (lane 3), JunD (lane 4), ATF-1 (lane 7), ATF-2 (lane 8), and CREB
(lane 9). IgG, immunoglobulin G.
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FIG. 5. Identification of the AP-1 proteins that bind to region IV (—198/
—175) of the NT/N promoter. (A) Competitive binding analysis by gel retarda-
tion assays with BON nuclear extracts (10 ng) and the wild-type (WT6) NT/N
promoter fragment (—198/—175) as a probe. (Boxed sequences designate the
consensus AP-1 site.) Unlabeled WT6 and oligonucleotides containing consensus
AP-1 and Spl1 sites were used as competition DNAs at 20- and 200-fold molar
excesses. (B) Nuclear extracts from BON cells were preincubated with unlabeled
WT6 (300-fold excess) or specific AP-1 antiserum (Santa Cruz) as indicated. A
supershifted complex for JunD (lane 5), c-Fos (lane 7), and Fra-1 (lane 9) is
noted. IgG, immunoglobulin G.

binds to region IV of the rat NT/N promoter. Given the fact
that only a relatively small portion of the complex is actually
supershifted with a battery of antisera to known AP-1 proteins
suggests the possibility of additional AP-1 factors that may be
unique to the BON endocrine cell line.

Distinct patterns of binding to the IDR regions of the NT/N
promoter. Although no areas of protection were detected over
the two IDR regions by using DNase I footprinting assays,
the functional significance of these sequences for NT/N expres-
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sion was established by both deletion and mutation analyses
(Fig. 1 and 2). Therefore, to determine whether proteins bind
these sites, we used overlapping 30-bp oligonucleotides cover-
ing this region in EMSAs and methylation interference analy-
ses (Fig. 6). Incubation of BON nuclear extract with probe
WT2 (—122/-93), corresponding to the distal IDR, produced
a specific retarded DNA-protein complex that was abolished
with excess unlabeled WT2; however, oligonucleotide WT3
(—96/—67), which corresponds to the proximal IDR, only par-
tially competed for binding to WT2 (Fig. 6A). When the WT3
oligonucleotide was used as a probe, a faster-migrating ill-
defined complex was detected as well as a specific more slowly
migrating DNA-protein complex (Fig. 6B). Both complexes
were effectively inhibited by increasing concentrations of un-
labeled WT3; only the upper complex was partially inhibited
by an excess of unlabeled oligonucleotide WT2. In addition,
an oligonucleotide containing the nonspecific Spl binding
sites failed to alter the binding pattern for either WT2 or
WT3 (data not shown). These observations suggest the bind-
ing of specific proteins to both IDR regions of the NT/N
promoter.

To then determine the locations of the binding sites within
the IDR regions, we used the technique of methylation inter-
ference. End-labeled DNA fragments corresponding to the
GA:-rich coding strands of WT2 and WT3 were partially meth-
ylated at purine contact points (Fig. 6C and D). As shown in
Fig. 6C, methylation of four G residues on the coding strand of
WT2 interferes with protein binding, thus illustrating that the
contacted regions are located in the sequences from —111 to
—104 (GATGAGGG) of the distal IDR. Mutation of this
region, as noted by linker scanner mutant M7 (—112/—103)
(Fig. 2A), reduces NT/N promoter activity by approximately
75%, which strongly suggests that the protein binding this
element acts as a positive factor for NT/N transcription. Anal-
ysis of the proximal IDR indicated that a similar sequence
(GGATGGAG) is required for complex formation (Fig. 6D).
These results serve to further confirm binding of protein fac-
tor(s) to the IDR regions and, in addition, have localized the
binding of the proteins to similar sequences contained within
the IDRs.

To examine whether the complexes binding to the WT2 and
WT3 probes were cell specific, nuclear extracts that had been
prepared from several additional cell lines in which the NT/N
gene is not expressed were analyzed (Fig. 6E). No specific
complexes corresponding to those detected in BON cell ex-
tracts were formed by using HeLa and SKBR-3 (a human
breast cancer cell line) nuclear extracts, although MIA PaCa-2
(human pancreatic cancer) extracts formed a faint complex
with the WT2 probe that comigrated with the BON cell com-
plex. Binding complexes with mobilities different from that
noted for BON cell extract were also identified in the NT/N-
nonexpressing cell lines. Each of the extracts used in this anal-
ysis contained intact nuclear proteins, as evidenced by the
detection of specific complexes to a binding site which recog-
nizes the ubiquitous Sp1 transcription factor (data not shown).
This analysis shows that the patterns of binding proteins in
these cell lines differed from the NT/N-expressing BON cells.
Finally, a computer search analysis of known cis-acting ele-
ments revealed partial sequence similarity of this rat NT/N
promoter region to GATA-binding sites that have been de-
scribed mainly for genes of hematopoietic cells (64) and, more
recently, for the intestine (5) and to a purine-rich GAGA
sequence located in the rat insulin proximal promoter (48);
however, protein binding to labeled WT2 or WT3 was not
affected by oligonucleotides containing either GATA or
GAGA consensus binding sites (data not shown). Taken to-
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gether, these findings suggest the possibility of novel factors
binding to these purine-rich sequences of the NT/N promoter
and acting as positive regulators of NT/N expression.

Competitive binding analyses of protected regions II and I11
of the NT/N promoter. DNase I footprint analysis indicated
binding of BON nuclear proteins to site II (—150/—124) and
site IIT (—168/—155) of the NT/N promoter; EMSAs were
used to further characterize the nuclear proteins that bind
these two regions. A single specific complex was formed with
BON nuclear extract using an oligonucleotide (WT4) corre-
sponding to nucleotides —150 to —125 of the NT/N promoter
(Fig. 7A). Region II contains a CRE-like half site (CGTCA)
that, when altered, curtails forskolin-mediated NT/N gene in-
duction in PC12 cells (50); however, a consensus CRE oligo-
nucleotide competed poorly for complex formation, suggesting
that sequences outside the CGTCA motif are required for
efficient complex formation (Fig. 7A). Furthermore, antibodies
to CREB, ATF-1, and ATF-2 failed to supershift the complex,
indicating that these proteins do not bind to region II (data not
shown).

EMSAs were then used in an attempt to better characterize
binding to protected site III of the NT/N promoter. Multiple
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FIG. 6. Gel mobility shift and methylation interference analyses of wild-type
(WT) NT/N promoter probes (WT2 and WT3). (A) Binding to WT2 (—122/
—93); (B) binding to WT3 (—96/—67) (competition experiments were performed
with either a 30- or a 300-fold molar excess of the indicated unlabeled oligonu-
cleotides); (C) methylation interference assay of interaction of BON nuclear
protein with the coding strand of the NT/N promoter fragment WT2 (—122/
—93); (D) methylation interference assay of the interaction of BON nuclear
proteins with the coding strand of the NT/N promoter fragment WT3 (—96/—67)
(F and B, free and bound DNA, respectively. Solid and open circles highlight
residues which, when methylated, strongly or partially inhibit binding); (E) anal-
ysis of various cell line nuclear extracts for binding to labeled NT/N oligonucle-
otide probes WT2 and WT3. The competitor used was a 300-fold excess of
unlabeled WT2 or WT3.

complexes were formed with BON nuclear extracts which were
effectively inhibited with increasing concentration of unlabeled
WTS5 (Fig. 7B). Because the sequence from —162 to —158
(GCAAT) is similar to that for the binding site for C/EBP, we
used an oligonucleotide that binds with high affinity to C/EBP
in competitive EMSAs (1). Binding of BON nuclear protein to
probe WTS5 (—170/—151) was partially inhibited in the pres-
ence of a 300-fold excess of C/EBP oligonucleotide (Fig. 7B);
however, the addition of antibodies specific for C/EBPa, -, or
-8 (obtained from Steven McKnight) failed to alter (either
abolish or supershift) the binding pattern (data not shown).
Furthermore, purified C/EBP did not bind to this sequence of
the NT/N promoter (data not shown). Since region III also
contains the core binding motif (CANNTG) for the members
of the helix-loop-helix family of transcription factors (E box)
that have been implicated in the developmental regulation of a
wide variety of genes including the GI hormones insulin (46),
secretin (78), and gastrin (77), we also used oligonucleotides
with E box sequences from the secretin (SEB) or insulin (IEB)
gene promoter; the binding of nuclear protein to WT5 was not
inhibited in the presence of excess E-box oligonucleotides.
Therefore, our results indicate that the proteins binding to this
region are unlikely to be members of the E-box transcription
factor family or C/EBP, although the possibility exists that
other CCAAT box-binding proteins such as CP1, CTF/NF-1,
and CBF (19, 55) bind region III.

Finally, to assess the possible functional significance of the
proteins binding to protected region III of the NT/N promoter,
a series of sequential 6-bp mutations spanning this promoter
region were cloned upstream of the luciferase gene and ana-
lyzed by transfection into BON cells (Fig. 7C). Mutations
within this region (con2 and con3) moderately reduced NT/N
promoter activity to approximately 40 to 50% of the wild-type
(—216/+56) vector, whereas mutations involving the distal
three nucleotides of region IIT (conl) and the intervening
nucleotides between regions II and III (con4) produced no
reduction in promoter strength. Taken together, our findings
indicate that, similarly to protected region IV, proteins binding
to region III of the NT/N promoter contribute to the overall
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high-level expression of NT/N noted in the BON endocrine cell
line. Modest reductions in NT/N promoter activity were dem-
onstrated with the introduction of specific mutations into both
of these sites; however, the most significant reductions in NT/N
promoter activity occurred with mutations of sites contained
within the proximal 120 nucleotides upstream of the transcrip-
tional start site.

DISCUSSION

The findings in our present study identify crucial cis-regula-
tory elements of the NT/N gene that are required for cell-
specific transcriptional activity in the novel endocrine cell line
BON. These elements include a pivotal area (region I) of the
proximal NT/N promoter that binds ubiquitous AP-1 and
CREB/ATF proteins and a purine-rich region, located up-
stream from the proximal CRE/AP-1 site, which functions as
an essential component of the NT/N enhancer and may, in fact,
bind proteins unique to NT/N-producing cells. Furthermore,
we show that a distal consensus AP-1 site binds JunD, c-Fos,
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FIG. 7. (A) Competitive binding analysis by gel retardation assay with BON
nuclear extracts (20 wg) and the wild-type (WT4) NT/N promoter fragment
(—150/—125) as a probe. Unlabeled WT4 and oligonucleotides containing con-
sensus CRE, Sp1, and C/EBP binding sites were used as competition DNAs at
30- and 300-fold molar excesses. (B) Gel retardation assay with BON nuclear
extracts (20 pg) and the wild-type (WTS5) NT/N promoter fragment (—170/—151)
as a probe. Unlabeled WT5 and oligonucleotides containing consensus C/EBP,
Spl, SEB, and IEB were used as competition DNAs at 30- and 300-fold molar
excesses. (C) Mutational analysis. The upper panel shows a schematic represen-
tation and the relative positions of protected region III (shaded area). The
sequences of the wild-type (—216/+56) and mutant NT/N luciferase constructs
(conl to con4) are depicted in the middle panel; the mutated nucleotides are
doubly underlined. The lower panel shows the relative luciferase activities gen-
erated by the wild-type (WT) or mutant (conl to con4) NT/N promoter con-
structs after transient transfections into BON cells. Luciferase activities are
expressed as percentages of that of the wild type (—216/+56) and are means *=
SD of four separate transfections after normalization for B-galactosidase expres-
sion.

and Fra-1 proteins and contributes to maximal NT/N expres-
sion, albeit at a level much lower than those of the more
proximal elements.

Protected region I, which is located between nucleotides
—58 and —38 of the proximal rat NT/N promoter, is remark-
ably well-conserved in both the rat and the human NT/N genes
(10) and contains a near-consensus CRE/AP-1-like motif
(TGACATCA) that binds a complex of proteins which include
c-Jun, JunD, CREB, ATF-1, and ATF-2. This proximal pro-
moter element of the NT/N gene is identical to an autoregu-
latory element present in the proximal promoter of the c-jun
protooncogene which binds AP-1 complexes (3) and CREB
and CREM (CRE modulator) dimers (52, 56). Both CREB
and CREM binding produces repression of c-jun-positive au-
toregulation exerted by the c-jun product (56). In addition,
three other CRE-like enhancer elements with the same G-to-A
substitution as that found in the NT/N promoter have been
described. An element (3A) found in the T-cell receptor a and
B and CD3 promoters binds three different isoforms of ATF-2
and functions as an independent enhancer in T cells, mediating
changes in gene expression during T-cell development (36, 37).
In another example, an identical site is present in the human
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beta interferon promoter that binds ATF-2 and is required for
virus induction (24). Finally, the same TGACATCA site in the
proximal promoter of the E selectin gene binds c-Jun and ATF
(ATFa, ATF-2, and ATF-3) proteins either as homo- or het-
erodimers and cooperates with a nearby NF-kB site to regulate
E selectin promoter activity (47, 66). Therefore, this multifunc-
tional element, which is located in the proximal NT/N pro-
moter, serves a pivotal role in the regulation of NT/N gene
expression and the tissue-specific or developmental expression
of a limited number of other genes.

The Jun, Fos, ATF, and CREB proteins belong to the
leucine zipper family of proteins (15). Jun proteins can ho-
modimerize or heterodimerize with proteins of the Fos family
(15, 21). In addition, the different CREB/ATFs will selectively
heterodimerize with each other or with other members of the
leucine zipper family, such as c-Jun, to generate either stimu-
latory or inhibitory complexes (41, 54, 66). This functional
cross-talk between different signaling pathways may be a mech-
anism whereby ubiquitous members of various transcription
factor families can limit the expression of certain genes. Fur-
thermore, there exist both qualitative and quantitative tissue
type specificities in the relative distributions of the different
AP-1- and CREB/ATF-binding proteins, suggesting that these
factors play a role in tissue-specific or developmental gene
expression (4, 41). With the binding of multiple AP-1 and
CREB/ATF proteins to the TGACATCA element of the
NT/N proximal promoter, the vast combinatorial possibilities
of these transcription factors to regulate NT/N gene expression
can be envisioned, thus providing a powerful system that limits
NT/N expression to specific tissues during various stages of
development.

In addition to the proximal NT/N promoter element, muta-
tion of sites between nucleotides —116 and —87, containing
two 21-bp purine-rich IDRs, resulted in an 80% loss of NT/N
promoter activity in BON cells and, except for alteration of the
CRE/AP-1-like sequence, represented the most deleterious
mutation in the 5'-flanking region. In marked contrast, the
IDRs play a relatively minor role in NT/N induction in PC12
cells, with mutations only slightly reducing the response to
inducer combinations (50). Although a possible explanation
for the results obtained in our study is the disruption of the
spatial architecture of transcriptionally active complexes of the
NT/N promoter created by the internal deletion mutants
—129/—103 and —100/—87, evidence to support the impor-
tance of this region for NT/N expression in BON cells is pro-
vided by the finding of a similar reduction in CAT activity
obtained by the linker scanner mutant —112/—103 and by the
results of the 5’ deletion analysis demonstrating progressive
reductions in promoter activity when nucleotides between
—120 to —62 are removed. Furthermore, gel retardation stud-
ies with oligonucleotides to this purine-rich IDR region iden-
tified specific binding patterns with BON nuclear extract.
Taken together, these results strongly support the functional
significance of this purine-rich region of the NT/N promoter
for cell-type-specific expression in BON cells.

DNA sequence analysis of this IDR region highlighted sim-
ilarities to known transcription factor binding sites that include
a near-consensus GATA site (5, 64) and a consensus GAGA
box that plays a major role in transcription of the rat insulin I
gene (48). Competitive binding assays using oligonucleotides
containing either consensus GATA or GAGA sites, however,
failed to inhibit binding of BON extract to labeled rat NT/N
oligonucleotides, suggesting the possibility of novel proteins
that bind to this purine-rich region of the rat NT/N promoter
and that are essential for NT/N gene expression. This possibil-
ity is further corroborated by the differences noted in protein
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binding of NT/N-nonexpressing cell lines to labeled NT/N
probes corresponding to this GA-rich promoter region com-
pared with the binding pattern of BON cell extract. Although
not specifically identified in our present study, the molecular
nature of these binding proteins should be revealed through
more extensive biochemical analysis and from eventual molec-
ular cloning of the corresponding genes. Collectively, our find-
ings indicate that the complex of proteins that assemble on the
proximal 120 bp of the NT/N promoter contains both ubiqui-
tous (AP-1 and CREB/ATF) and possibly novel transcription
factors which may interact such that they culminate in the
high-level expression of the NT/N gene in N cells of the gut.

Expression of the NT/N gene is developmentally regulated
in a well-defined pattern along the jejunoileal axis (32). This
tightly regimented expression pattern is not altered by ectopic
placement of fetal small bowel segments or changes in luminal
dietary contents (27). In marked contrast, NT/N expression can
be rapidly induced in certain regions of the brain in response to
various neuroleptic agents such as haloperidol, which increases
c-fos gene transcription (58, 72). Similarly, in PC12, a cell line
that differentiates into a neuronal phenotype after NGF treat-
ment (40), NT/N gene expression is dramatically induced in
response to the synergistic interaction of multiple inducing
agents that include NGF (50). This increase in the level of
NT/N expression is dependent on an intact consensus AP-1 site
located at —188 to —182 which serves as the functional focal
point for NT/N gene induction in PC12 cells. In our present
study, we demonstrate that this AP-1 site binds a conglomerate
of proteins that include c-Fos, Fra-1, and JunD but, in contrast
to NT/N induction in PC12, plays a comparatively minor role in
constitutive NT/N expression in BON cells. Therefore, our
findings suggest that a different array of regulatory elements is
required for the constitutive NT/N expression pattern in the
gut, in which NT functions as an endocrine agent, compared
with NT/N gene induction in the central nervous system, in
which NT serves as a neurotransmitter or neuromodulator.
Teleologically, this possibility would allow an agent (such as
NT/N) to serve multiple and diverse functions in vivo, depend-
ing on the locations and the presence or absence of certain
transcription factors.

An additional level of NT/N gene regulation could be pro-
vided by a near-consensus GRE, located immediately up-
stream of the proximal CRE/AP-1-like motif. This site binds
purified GR (43) and is required for dexamethasone induction
of NT/N in PC12 cells (50). Mutations altering this GRE-like
sequence reduced CAT activity in BON cells to the same level
as mutation of the proximal CRE/AP-1-like motif, thus sug-
gesting a functional significance of this site for constitutive
NT/N expression. Furthermore, it has become increasingly ob-
vious that cell-specific control of eukaryotic gene transcription
involves negative as well as positive regulation (7, 16, 25, 59,
67); therefore, another level of NT/N gene regulation could be
provided by the binding of a repressor protein between nucle-
otides —145 and —125. Future studies will address possible
interactions of the GR with AP-1 proteins in BON cells and
the possible role of minor repressor elements in overall NT/N
gene regulation.

In conclusion, transient-expression assays with a series of
reporter gene constructions containing progressive 5’ deletions
or specific mutations indicate that efficient cell-specific tran-
scription of the NT/N gene requires the complex interaction of
multiple cis-active elements located between nucleotides —216
and —28 of the 5'-flanking region, with the most important
sites localized to the proximal 120 bp upstream from the tran-
scriptional start site. These positive elements include a CRE/
AP-1-like motif that binds multiple members of the AP-1 and



3880 EVERS ET AL.

CREB/ATF transcription factor families and a purine-rich
IDR region that may bind novel transcription factors. Collec-
tively, our findings that multiple regulatory elements are re-
quired to achieve maximal levels of NT/N expression in BON
cells are consistent with the regulation of expression in other
genes (7, 16, 59) and, moreover, underscore the complexity of
eukaryotic gene regulation. Furthermore, our study demon-
strates that the BON cell line, which is identical to the intes-
tinal N-cell in the expression and processing of NT/N, will
provide a unique and attractive model for the further charac-
terization of factors regulating cell-specific transcription of the
NT/N gene and, in addition, may provide insights into the
molecular mechanisms responsible for the stage-specific dif-
ferentiation of the N-cell lineage in the gut.

ACKNOWLEDGMENTS

We thank Sam Wilson and Robert Carraway for helpful suggestions
throughout the course of this work and for their critical reading of the
manuscript. In addition, we thank Larry Janecka, Gene Dockal, and
Eileen Figueroa for manuscript preparation.

This work was supported by grants AG10885 (B.M.E.), HL33307
(P.R.D.), and DK35608 and RO1 DK48345 (C.M.T.) from the Na-
tional Institutes of Health; CB-571 from the American Cancer Society
(C.M.T.); 15867 from the Shriners’ Burns Institute (B.M.E.), and by
the James E. Thompson Memorial Foundation.

REFERENCES

1. Agre, P, P. F. Johnson, and S. L. McKnight. 1989. Cognate DNA binding
specificity retained after leucine zipper exchange between GCN4 and
C/EBP. Science 246:922-926.

2. Andersson, S., S. Rosell, U. Hjelmquist, D. Chang, and K. Folkers. 1977.
Inhibition of gastric and intestinal motor activity in dogs by (Gln*) neuro-
tensin. Acta Physiol. Scand. 100:231-235.

3. Angel, P., K. Hattori, T. Smeal, and M. Karin. 1988. The jun proto-oncogene
is positively autoregulated by its product, jun/AP-1. Cell 55:875-885.

4. Angel, P., and M. Karin. 1991. The role of Jun, Fos and the AP-1 complex
in cell-proliferation and transformation. Biochim. Biophys. Acta 1072:129-
157.

5. Arceci, R. J., A. A. J. King, M. C. Simon, S. H. Orkin, and D. B. Wilson. 1993.
Mouse GATA-4: a retinoic acid-inducible GATA-binding transcription fac-
tor expressed in endodermally derived tissues and heart. Mol. Cell. Biol.
13:2235-2246.

6. Armstrong, M. J., M. C. Parker, C. F. Ferris, and S. E. Leeman. 1986.
Neurotensin stimulates [*HJoleic acid translocation across rat small intes-
tine. Am. J. Physiol. 251:G823-G829.

7. Atchison, M. L. 1988. Enhancers: mechanisms of action and cell specificity.
Annu. Rev. Cell. Biol. 4:127-153.

8. Baca, L, G. E. Feurle, A. Schwab, U. Mittmann, W. Knauf, and T. Lehnert.
1982. Effect of neurotensin on exocrine pancreatic secretion in dogs. Diges-
tion 23:174-183.

9. Barber, D. L., A. M. J. Buchan, J. H. Walsh, and A. H. Soll. 1986. Isolated
canine ileal mucosal cells in short-term culture: a model for study of neuro-
tensin release. Am. J. Physiol. 250(Gastrointest. Liver Physiol. 13):G374—
G384.

10. Bean, A. J., A. Dagerlind, T. Hokfelt, and P. R. Dobner. 1992. Cloning of
human neurotensin/neuromedin N genomic sequences and expression in the
ventral mesencephalon of schizophrenics and age/sex matched controls.
Neuroscience 50:259-268.

11. Bebenek, K., and T. A. Kunkel. 1989. The use of native T7 DNA polymerase
for site-directed mutagenesis. Nucleic Acids Res. 17:5408.

12. Birkenmeier, E. H., B. Gwynn, S. Howard, J. Jerry, J. I. Gordon, W. H.
Landschulz, and S. L. McKnight. 1989. Tissue-specific expression, develop-
mental regulation, and genetic mapping of the gene encoding CCAAT/
enhancer binding protein. Genes Dev. 3:1146-1156.

13. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248-254.

14. Brand, S. J., and P. J. Fuller. 1988. Differential gastrin gene expression in rat
gastrointestinal tract and pancreas during neonatal development. J. Biol.
Chem. 263:5341-5347.

15. Busch, S. J., and P. Sassone-Corsi. 1990. Dimers, leucine zippers and DNA-
binding domains. Trends Genet. 6:36-40.

16. Carey, M. 1991. Mechanistic advances in eukaryotic gene activation. Curr.
Opin. Cell Biol. 3:452-460.

17. Carraway, R. E., S. P. Mitra, B. M. Evers, and C. M. Townsend, Jr. 1994.
BON cells display the intestinal pattern of neurotensin/neuromedin N pre-

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

38.

39.

40.

41.

42,

43.

44,

MoL. CELL. BIOL.

cursor processing. Regul. Pept. 53:17-29.

Carraway, R. E., S. P. Mitra, G. E. Feurle, and W. H. Hacki. 1988. Presence
of neurotensin and neuromedin-N within a common precursor from a human
pancreatic neuroendocrine tumor. J. Clin. Endocrinol. Metab. 66:1323-1328.
Chodosh, L. A, A. S. Baldwin, R. W. Carthew, and P. A. Sharp. 1988. Human
CCAAT-binding proteins have heterologous sub-units. Cell 53:11-24.
Chung, D. H., B. M. Evers, I. Shimoda, C. M. Tow d, Jr., S. Rajaraman,
and J. C. Thompson. 1992. Effect of neurotensin on gut mucosal growth in
rats with jejunal and ileal Thiry-Vella fistulas. Gastroenterology 103:1254—
1259.

Curran, T., and B. R. Franza, Jr. 1988. Fos and Jun: the AP-1 connection.
Cell 55:395-397.

DeNadai, F., C. Rovere, J.-N. Bidard, J. Laur, J. Martinez, J.-C. Cuber, and
P. Kitabgi. 1993. Biosynthesis and posttranslational processing of the neu-
rotensin/neuromedin N precursor in the rat medullary thyroid carcinoma
6-23 cell line. Effect of dexamethasone. Endocrinology 132:1614-1620.
Dobner, P. R., A. S. Tischler, Y. C. Lee, S. R. Bloom, and S. R. Donahue.
1988. Lithium dramatically potentiates neurotensin/neuromedin N gene ex-
pression. J. Biol. Chem. 263:13983-13986.

Du, W.,, and T. Maniatis. 1992. An ATF/CREB binding site protein is
required for virus induction of the human interferon B gene. Proc. Natl.
Acad. Sci. USA 89:2150-2154.

Dynan, W. S. 1989. Modularity in promoters and enhancers. Cell 58:1-4.
Evers, B. M., C. M. Townsend, Jr., J. R. Upp, Jr., E. Allen, S. C. Hurlbut,
S. W. Kim, S. Rajaraman, P. Singh, J. C. Reubi, and J. C. Thompson. 1991.
Establishment and characterization of a human carcinoid in nude mice and
effect of various agents on tumor growth. Gastroenterology 101:302-311.
Evers, B. M., J. A. Ehrenfried, X. Wang, C. M. Townsend, Jr., and J. C.
Thompson. 1994. Temporal-specific and spatial-specific patterns of neuro-
tensin gene expression in the small bowel. Am. J. Physiol. 267 (Gastrointest.
Liver Physiol. 30):G875-G882.

Evers, B. M., J. Ishizuka, C. M. Townsend, Jr., S. Rajaraman, and J. C.
Thompson. 1991. Expression of neurotensin messenger RNA in a human
carcinoid tumor. Ann. Surg. 214:448-455.

Evers, B. M., M. Izukura, D. H. Chung, D. Parekh, K. Yoshinaga, G. H.
Greeley, Jr., T. Uchida, C. M. Townsend, Jr., and J. C. Thompson. 1992.
Neurotensin stimulates growth of colonic mucosa in young and aged rats.
Gastroenterology 103:86-91.

Evers, B. M., M. Izukura, S. Rajaraman, D. Parekh, K. Thakore, K. Yoshi-
naga, T. Uchida, C. M. Townsend, Jr., and J. C. Thompson. 1994. Effect of
aging on neurotensin-stimulated growth of rat small intestine. Am. J. Physiol.
267 (Gastrointest. Liver Physiol. 30):G180-G186.

Evers, B. M., M. Izukura, C. M. Townsend, Jr., T. Uchida, and J. C. Thomp-
son. 1992. Neurotensin prevents intestinal mucosal hypoplasia in rats fed an
elemental diet. Dig. Dis. Sci. 37:426-431.

Evers, B. M., S. Rajaraman, D. H. Chung, C. M. Townsend, Jr., X. Wang, K.
Graves, and J. C. Thompson. 1993. Differential expression of the neuroten-
sin gene in the developing rat and human gastrointestinal tract. Am. J.
Physiol. 265 (Gastrointest. Liver Physiol. 28):G482-G490.

Ferris, C. F., R. E. Carraway, R. A. Hammer, and S. E. Leeman. 1985.
Release and degradation of neurotensin during perfusion of rat small intes-
tine with lipid. Regul. Pept. 12:101-111.

Feurle, G. E., B. Miiller, and E. Rix. 1987. Neurotensin induces hyperplasia
of the pancreas and growth of the gastric antrum in rats. Gut 28, S1:19-23.
Friedman, A. D., W. H. Landschulz, and S. L. McKnight. 1989. CCAAT/
enhancer binding protein activates the promoter of the serum albumin gene
in cultured hepatoma cells. Genes Dev. 3:1314-1322.

Georgopoulos, K., D. Galson, and C. Terhorst. 1990. Tissue-specific nuclear
factors mediate expression of the CD3vy gene during T cell development.
EMBO J. 9:109-115.

. Georgopoulos, K., B. A. Morgan, and D. D. Moore. 1992. Functionally

distinct isoforms of the CRE-BP DNA-binding protein mediate activity of a
T-cell specific enhancer. Mol. Cell. Biol. 12:747-757.

Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982. Recombinant ge-
nomes which express chloramphenicol acetyltransferase in mammalian cells.
Mol. Cell. Biol. 2:1044-1051.

Graham, F. L., and A. J. Vander Eb. 1973. A new technique for the assay of
infectivity of human adenovirus 5 DNA. Virology 52:456-467.

Greene, L. A,, and A. S. Tischler. 1976. Establishment of a noradrenergic
clonal line of rat adrenal pheochromocytoma cells which respond to nerve
growth factor. Proc. Natl. Acad. Sci. USA 73:2424-2428.

Habener, J. F. 1990. Cyclic AMP response element binding proteins: a
cornucopia of transcription factors. Mol. Endocrinol. 4:1087-1094.

Hall, C. V., P. E. Jacob, G. M. Ringold, and F. Lee. 1983. Expression and
regulation of Escherichia coli lacZ gene fusions in mammalian cells. J. Mol.
Appl. Genet. 2:101-109.

Harrison, R. J., G. P. McNeil, and P. R. Dobner. Synergistic activation of
neurotensin/neuromedin N gene expression by c-Jun and glucocorticoids:
novel effects of Fos-family proteins. Mol. Endocrinol., in press.

Izukura, M., B. M. Evers, D. Parekh, K. Yoshinaga, T. Uchida, C. M.
Townsend, Jr., and J. C. Thompson. 1992. Neurotensin augments intestinal
regeneration after small bowel resection in rats. Ann. Surg. 215:520-527.



VoL. 15, 1995

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Jantzen, H.-M., U. Strihle, B. Gloss, F. Stewart, W. Schmid, M. Boshart, R.
Miksicek, and G. Schiitz. 1987. Cooperativity of glucocorticoid response
elements located far upstream of the tyrosine aminotransferase gene. Cell
49:29-38.

Karlsson, O., T. Edlund, J. B. Moss, W. J. Rutter, and M. D. Walker. 1987.
A mutational analysis of the insulin gene transcription control region: ex-
pression in beta cell is dependent on two related sequences with the en-
hancer. Proc. Natl. Acad. Sci. USA 84:8819-8823.

Kaszubska, W., R. H. van Huijsduijnen, P. Ghersa, A.-M. DeRaemy-Schenk,
B. P. C. Chen, T. Hai, J. F. DeLamarter, and J. Whelan. 1993. Cyclic
AMP-independent ATF family members interact with NF-xB and function
in the activation of the E-selectin promoter in response to cytokines. Mol.
Cell. Biol. 13:7180-7190.

Kennedy, G. C., and W. J. Rutter. 1992. Pur-1, a zinc-finger protein that
binds to purine-rich sequences, transactivates an insulin promoter in heter-
ologous cells. Proc. Natl. Acad. Sci. USA 89:11498-11502.

Kislauskis, E., B. Bullock, S. McNeil, and P. R. Dobner. 1988. The rat gene
encoding neurotensin and neuromedin N: structure, tissue-specific expres-
sion, and evolution of exon sequences. J. Biol. Chem. 263:4963-4968.
Kislauskis, E., and P. R. Dobner. 1990. Mutually dependent response ele-
ments in the cis-regulatory region of the neurotensin/neuromedin N gene
integrate environmental stimuli in PC12 cells. Neuron 4:783-795.
Krasinski, S. D., M. B. Wheeler, and A. B. Leiter. 1991. Isolation, charac-
terization, and developmental expression of the rat peptide-YY gene. Mol.
Endocrinol. 5:433-440.

Lamph, W. W,, V. J. Dwarki, R. Ofir, M. Montminy, and I. M. Verma. 1990.
Negative and positive regulation by transcription factor cAMP response
element-binding protein is modulated by phosphorylation. Proc. Natl. Acad.
Sci. USA 87:4320-4324.

LeDouarin, N. M. 1988. On the origin of pancreatic endocrine cells. Cell
53:169-171.

Lee, K. A. 1992. Dimeric transcription factor families: it takes two to tango
but who decides on partners and the venue? J. Cell Sci. 103:9-14.

Lum, L. S. Y., L. A. Sultzman, R. J. Kaufman, D. 1. H. Linzer, and B. J. Wu.
1990. A cloned human CCAAT-box-binding factor stimulates transcription
from the human hsp70 promoter. Mol. Cell. Biol. 10:6709-6717.
Masquilier, D., and P. Sassone-Corsi. 1992. Transcriptional cross-talk: nu-
clear factors CREM and CREB bind to AP-1 sites and inhibit activation by
Jun. J. Biol. Chem. 267:22460-22466.

Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled DNA with
base-specific chemical cleavages. Methods Enzymol. 65:499-560.
Merchant, K. M. 1994. c-fos antisense oligonucleotide specifically attenuates
haloperidol-induced increases in neurotensin/neuromedin N mRNA expres-
sion in rat dorsal striatum. Mol. Cell. Neurosci. 5:336-344.

Mitchell, P. J., and R. Tjian. 1989. Transcriptional regulation in mammalian
cells by sequence-specific DNA binding proteins. Science 245:371-378.
Montminy, M. R., K. A. Sevarino, J. A. Wagner, G. Mandel, and R. H.
Goodman. 1986. Identification of a cyclic-AMP-responsive element within
the rat somatostatin gene. Proc. Natl. Acad. Sci. USA 83:6682-6686.
Moses, H. L., J. A. Proper, M. E. Volkenant, D. J. Wells, and M. J. Getz.
1978. Mechanism of growth arrest of chemically transformed cells in culture.
Cancer Res. 38:2807-2812.

Muraki, K., S. P. Mitra, P. R. Dobner, and R. E. Carraway. 1993. Enhanced
expression of neurotensin/neuromedin-N messenger RNA and products of
NT/NMN precursor processing in neonatal rats. Peptides 14:1095-1102.
Nordeen, S. K. 1988. Luciferase reporter gene vectors for analysis of pro-
moters and enhancers. BioTechniques 6:454-458.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

NT/N GENE EXPRESSION 3881

Orkin, S. H. 1992. GATA-binding transcription factors in hematopoietic
cells. Blood 80:575-581.

Parekh, D., J. Ishizuka, C. M. Tow d, Jr., B. Haber, R. D. Beauchamp,
G. Karp, S. W. Kim, S. Rajaraman, G. H. Greeley, Jr., and J. C. Thompson.
1994. Characterization of a human pancreatic carcinoid in vitro: morphology,
amine and peptide storage and secretion. Pancreas 9:83-90.

Pescini, R., W. Kaszubska, J. Whelan, J. F. DeLamarter, and R. H. van
Huijsduijnen. 1994. ATF-aO, a novel variant of the ATF/CREB transcrip-
tion factor family, forms a dominant transcription inhibitor in ATF-a het-
erodimers. J. Biol. Chem. 269:1159-1165.

Ptashne, M. 1988. How eukaryotic transcriptional activators work. Nature
(London) 335:683-689.

Reinecke, M. 1985. Neurotensin. Immunohistochemical localization in cen-
tral and peripheral nervous system and in endocrine cells and its functional
role as neurotransmitter and endocrine hormone. Prog. Histochem. Cyto-
chem. 16:1-172.

Ryder, T. A., and K. Beemon. 1989. Avian retroviral long terminal repeats
bind CCAAT/enhancer-binding protein. Mol. Cell. Biol. 9:1155-1164.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

Shapiro, D. J., P. A. Sharp, W. W. Wahli, and M. J. Keller. 1988. A high-
efficiency HeLa cell nuclear transcription extract. DNA 7:47-55.
Sirinathsinghji, D. J. S., R. Schuligoi, R. P. Heavens, A. Dixon, S. D. Iversen,
and R. G. Hill. 1994. Temporal changes in the messenger RNA levels of
cellular immediate early genes and neurotransmitter/receptor genes in the
rat neostriatum and substantia nigra after acute treatment with eticlopride,
a dopamine D, receptor antagonist. Neuroscience 62:407-423.

Soll, A. H. 1980. Secretagogue stimulation of ['*C] aminopyrine accumula-
tion by isolated canine parietal cells. Am. J. Physiol. 238 (Gastrointest. Liver
Physiol. 1):G366-G375.

Theodorsson-Norheim, E., K. Oberg, S. Rosell, and H. Bostrom. 1983. Neu-
rotensin-like immunoreactivity in plasma and tumor tissue from patients
with endocrine tumors of the pancreas and gut. Gastroenterology 85:881—
889.

Thor, K., and S. Rosell. 1986. Neurotensin increases colonic motility. Gas-
troenterology 90:27-31.

Tischler, A. S., Y. C. Lee, D. Costopoulos, V. W. Slayton, W. J. Jason, and
S. R. Bloom. 1986. Cooperative regulation of neurotensin content in PC12
pheochromocytoma cell cultures: effects of nerve growth factor, dexameth-
asone, and activators of adenylate cyclase. J. Neurosci. 6:1719-1725.
Wang, T. C., and S. J. Brand. 1990. Islet cell-specific regulatory domain in
the gastrin promoter contains adjacent positive and negative DNA elements.
J. Biol. Chem. 265:8908-8914.

Wheeler, M. B., J. Nishitani, A. M. J. Buchan, W. Y. C. Kopin, W. Y. Chey,
T.-M. Chang, and A. B. Leiter. 1992. Identification of a transcriptional
enhancer important for enteroendocrine and pancreatic islet cell-specific
expression of the secretin gene. Mol. Cell. Biol. 12:3531-3539.

Wood, J. G., H. D. Hoang, L. J. Bussjaeger, and T. E. Solomon. 1988.
Neurotensin stimulates growth of small intestine in rats. Am. J. Physiol. 255
(Gastrointest. Liver Physiol. 18):G813-G817.

Yunis, A. A., G. K. Arimura, and D. J. Russin. 1977. Human pancreatic
carcinoma (MIA PaCa-2) in continuous culture: sensitivity to asparaginase.
Int. J. Cancer 19:128-135.

Zeytinoglu, F. N., P. Brazeau, and C. Mougin. 1983. Regulation of neuro-
tensin secretion in a mammalian C cell line: effect of dexamethasone. Regul.
Pept. 6:147-154.




