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The Neurotensin Gene Is a Downstream Target for Ras Activation
B. Mark Evers, Zhichao Zhou, Paul Celano,* and Jing Li
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School of Medicine, Baltimore, Maryland 21287

Abstract Introduction

Ras regulates novel patterns of gene expression and the
differentiation of various eukaryotic cell types. Stable trans-
fection of Ha-ras into the human colon cancer line CaCo2
results in the morphologic differentiation to a small bowel
phenotype. The purpose of our study was to determine
whether the Ras regulatory pathway plays a role in the
expression of the neurotensin gene (NT/N), a terminally dif-
ferentiated endocrine product specifically localized in the
gastrointestinal tract to the adult small bowel. We found
that CaCo2-ras cells, but not parental CaCo2, express high
levels of the human NT/N gene and, moreover, that this
increase in gene expression is regulated at the level of tran-
scription. Transfection experiments using NT/N-CAT muta-
tion constructs identify the proximal 200 bp of NT/N flank-
ing sequence as sufficient for maximal Ras-mediated NT/N
reporter gene induction. Furthermore, a proximal AP-1/
CREmotif is crucial for this Ras-mediated NT/N activation.
Wild-type Ha-ras induces NT/N gene expression, albeit at
lower levels than activated Ras; a dominant-negative Raf
blocks this NT/N induction, suggesting that Raf lies down-
stream of Ras in this pathway. In addition, postconfluent
cultures of CaCo2 cells, which are differentiated to a small
bowel phenotype, express the NT/N gene by 6 d after reach-
ing confluency; this increase of NT/N expression is associ-
ated with concomitant increases of cellular p21' protein.
Weconclude that Ras (both wild-type and activated) en-
hances expression of the NT/N gene in the gut-derived
CaCo2 cell line, suggesting an important role for the Ras
signaling pathway in NT/N gene transcription. Our results
underscore the possibility that tissue-specific genes (such as
NT/N) expressed in distinct subpopulations of the gut may
be subject to Ras regulation. Finally, we speculate that the
NT/N gene and the CaCo2 and CaCo2-ras cell systems will
provide unique models to further define the cellular mecha-
nisms leading to mammalian intestinal differentiation. (J.
Clin. Invest. 1995. 95:2822-2830.) Key words: differentia-
tion * small bowel * CaCo2 cells * endocrine gene expression
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Members of the ras gene family encode small guanine nucleo-
tide-binding proteins localized to the inner surface of the plasma
membrane that play central roles in the signal transduction path-
ways in mammalian cells (1-3). Activated GTP-Ras associates
with the c-Raf protein kinase and contributes to its activation;
Raf has been shown to phosphorylate and activate MAPKK
(mitogen-activated protein kinase kinase), also known as MEK,
which in turn phosphorylates and activates mitogen-activated
protein kinases (also described as extracellular signal-regulated
kinases (4-9). The extracellular signal-related kinases translo-
cate to the nucleus and preferentially stimulate the activity of
nuclear transcription factors (e.g., the activator protein-1 [AP-
1] protein c-Jun) (10-15). This cellular cascade culminates
eventually in the malignant transformation or differentiation of
a number of eukaryotic cell types (11, 12). The transforming
property of v-Ha-ras and the ability of this gene to immortalize
various cell types are well established (13, 16); however, much
less is known about the role of Ras in normal cellular differenti-
ation and development.

Oncogenic Ha-ras induces neuroendocrine differentiation in
rat pheochromocytoma (PC12) cells (17-20) and medullary
thyroid carcinoma cells (21), and results in the differentiation
of 3T3-L1 fibroblasts to adipocytes (22). This Ras-mediated
response appears to be highly tissue specific, because Thorburn
et al. (23) demonstrated that activated Ras induces a differenti-
ated phenotype in cardiac muscle cells, but inhibits differentia-
tion in skeletal muscle. In addition, stable transfection of the
Ha-ras oncogene leads to the morphologic differentiation of the
human colon cancer line CaCo2 into a small bowel phenotype
as characterized by a decreased proliferative capacity and an
increased expression of the brush border hydrolase genes su-
crase-isomaltase and alkaline phosphatase, enzymes normally
produced in the terminally differentiated enterocytes of the gut
(24). These findings suggest that Ras may play a dominant role
in gut differentiation and the eventual expression of various
terminally differentiated products (e.g., gut hormones). Further
evidence to support this hypothesis is provided by the finding
of low levels of p2lr'S in the undifferentiated, rapidly proliferat-
ing crypt cells but increased expression of endogenous p2lras
in the most mature cells of the gastrointestinal (GI) mucosa
such as villus tip cells and endocrine cells (25).

Neurotensin (NT), an important regulatory hormone of the
gut, is localized in the GI tract to specialized enteroendocrine
cells (N cells) of the adult small bowel (for review see reference
26). NT facilitates translocation of fatty acids in the proximal
small bowel (27) and affects numerous aspects of GI function

1. Abbreviations used in this paper: AP-1, activator protein-i; ATF,
activating transcription factor; CAT, chloramphenicol acetyl transferase;
CRE, cAMP response element; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GI, gastrointestinal tract; NT, neurotensin; NT/N, neu-

rotensin/neuromedin.
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including secretion, motility, and gut mucosal growth (28-36).
Expression of the gene encoding NT and the structurally related
hexapeptide neuromedin N (designated NT/N) is developmen-
tally regulated in the gut of both rat and human in a distinctive
temporal- and spatial-specific distribution (37, 38). NT/N ex-
pression is initially low in the fetus but rapidly increases after
birth to assume the distinctive adult topographical distribution
of increasing NT/N expression along the longitudinal axis of
the small bowel. Using isolated gut segments from the rat im-
planted as xenografts in athymic nude mice, we recently demon-
strated that the strict temporal- and spatial-specific pattern of
NT/N expression is not affected by either location or luminal
contents, thus suggesting an intrinsic program of NT/N gene
expression (39). In the human colon, NT/N is transiently ex-
pressed during a developmental stage (midgestation) that is
characterized by morphologic and functional similarity to the
small bowel (40, 41); however, expression of NT/N is not appar-
ent in the colon of the newborn or the adult (37). Taken together,
these studies identify the NT/N gene as an important endocrine
model to better delineate the complex mechanisms leading to
differentiation of the gut to either a small bowel or colonic
phenotype.

The purpose of this study was to determine whether the Ras
regulatory pathway plays a role in the expression of NT/N, a
gut hormone specifically produced in terminally differentiated
endocrine cells of the adult small bowel. Our findings demon-
strate that either stable or transient transfection of activated
Ha-ras into the CaCo2 cell line is associated with constitutive
activation of NT/N gene expression, which appears to be medi-
ated by an induction of NT/N gene transcription; a proximal
AP-l/CRE promoter element of the NT/N gene is crucial for
this activation. In addition, cotransfection of wild-type Ha-ras
results in a modest increase in NT/N promoter activity; this
induction was blocked by a plasmid encoding a dominant-nega-
tive Raf kinase. Furthermore, in the CaCo2 cell system, we are
able to demonstrate concomitant increases of p21 ' protein and
NT/N gene expression in postconfluent (differentiated) cultures.
Collectively, these studies support an important role for Ras in
the expression of the NT/N gene in small bowel-differentiated
CaCo2 cells. Finally, this model system provides a useful para-
digm for the further elucidation of the cellular mechanisms
regulating mammalian intestinal differentiation.

Methods

Materials. Restriction, ligation, and other DNA-modifying enzymes
were purchased from Promega Corp. (Madison, WI) or Stratagene Inc.
(La Jolla, CA). Oligo(dT) cellulose (type [I) was obtained from Collab-
orative Research, Inc. (Bedford, MA) and radioactive compounds were
obtained from Du Pont-New England Nuclear (Boston, MA). Tissue
culture media and reagents were obtained from GIBCO BRL (Grand
Island, NY). All other reagents were of molecular biology grade and
were either obtained from Sigma Chemical Co. (St. Louis, MO) or
Amresco (Solon, OH). Thin-layer chromatography (TLC) plates were
purchased from Whatman Labsales (Hillsboro, OR), EN3HANCEspray
from Du Pont (Boston, MA), and autoradiography film from Kodak
(Rochester, NY). Nitrocellulose filters for Northern blots were from
Sartorius Corp. (Gottingen, Germany) and Immobilon P membranes
for Western blots were from Millipore Corp. (Bedford, MA). RNase
protection experiments were performed using the RPA-ll kit from Am-
bion, Inc. (Austin, TX). To determine the relative size of the protection
products, 32P-labeled Hinfl-digested 4)X174 DNAfragments (Promega)
and RNAmarkers (Ambion) transcribed with T7 RNApolymerase were
run in parallel lanes. The constitutively expressed human glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) gene was obtained from
Ambion and used to ensure integrity of the RNAsamples analyzed by
both Northern blot and RNase protection. A rat anti-Ras monoclonal
antibody (no. 259) that recognizes antigenic determinants common to
Ha-, Ki-, and N-ras p2ls was purchased from Santa Cruz (Santa Cruz,
CA). The enhanced chemiluminescence system for Western immunoblot
analysis was from Amersham Corp. (Arlington Heights, IL).

Cell culture. The human colon cancer cell line CaCo2 is maintained
in modified Eagle's medium (MEM) supplemented with 15% (vol/vol)
fetal calf serum (FCS). The CaCo2-ras cell line was derived from the
native CaCo2 cell line by transfection of the provirus vector pZIPNeo-
v-Ha-ras containing a val'2 mutation and has been previously described
and characterized (24). CaCo2-ras cells are cultured in MEMwith 15%
FCS and the antibiotic G418 (400 g/nml). All cells are maintained in
a humidified atmosphere of 95% air and 5%CO2 at 37TC.

RNAextraction, Northern blot analysis, ribonuclease (RNase) pro-
tection assay. Cells were harvested, and RNA was obtained by the
method of Schwab et al. (42). Polyadenylated (Poly[A]+) RNAwas
selected from all samples by oligo(dT) cellulose column chromatogra-
phy, and the final RNAconcentration was quantified spectrophotometri-
cally by the absorbance at 260 nm. For Northern blot analysis, poly(A)+
RNA(10 jcg) was electrophoresed in 1.2% agarose-formaldehyde gels,
transferred to nitrocellulose, and hybridized with an RNAprobe (pHNT
EO.9) containing 806 bp of the human NT/N gene subcloned into the
EcoRI site of a pGEM4vector (43). Hybridization and washing condi-
tions were described previously (44, 45). Blots were stripped and re-
probed with the constitutively expressed GAPDHgene to ensure intact
RNAsamples.

For RNase protection assays, poly(A)+ RNA from nontransfected
CaCo2 and CaCo2-ras was hybridized with the human NT/N cRNA
probe (pHNT EO.9). To ensure proper transcriptional initiation and
confirm findings by functional promoter analyses, CaCo2 cells tran-
siently transfected with rat NT/N 5' deletion vectors (with or without
the ras expression vector) were harvested 48 h after transfection. Hybrid
rat NT/N-CAT mRNAtranscripts were detected using an RNAprobe
(pG4-20) generated by subcloning a 364-bp fragment containing rat NT/
N sequences between -43 and +56 and the first 253 nucleotides of the
CATgene into EcoRI/BamHI sites of a pGEM4vector, and the antisense
fragment was transcribed with SP6 RNApolymerase after linearizing
with BamHI. To ensure intact RNA samples and assess any loading
differences, separate RNase protection assays were performed using the
human GAPDHprobe hybridized with duplicate RNAsamples.

RNase protection experiments were carried out using the RPA-fl kit
according to the instructions of the supplier. Briefly, RNA(5 jg) was
hybridized with the 32P-labeled antisense RNAprobes overnight at 55°C,
followed by RNase digestion for 30 min at room temperature. RNA
pellets were dried briefly, resuspended in 8 l of a formamide-loading
buffer and RNase-resistant fragments separated on a 5% polyacryl-
amide-8 Murea gel and visualized by autoradiography.

Isolation of nuclei and run-on assay. To determine whether ras
alters the transcription rate of NT/N in CaCo2 cells, nuclear run-on
assays were performed (46). Approximately 3 X 107 CaCo2-ras and
CaCo2 cells were washed with phosphate-buffered saline (PBS) and
scraped into ice-cold hypotonic lysis buffer (20 mMTris-HCl [pH 7.4],
10 mMNaCl, 3 mMMgCl2) to which 0.5% Nonidet P-40 was later
added. Cells were broken with 20-30 strokes in a Dounce homogenizer
(B pestle). After centrifugation, nuclear pellets were resuspended in cold
nuclear storage buffer (50 mMTris-HCl [pH 7.5], 0.1 mMEDTA, 5
mMMgCl2, and 40% glycerol) and immediately frozen.

In vitro run-on transcription was carried out using - 107 nuclei at
30°C for 45 min in a solution of (mM) 10 Tris-HCl, pH 8.0, 5 MgCl2,
0.5 each of ATP, CTP, GTP, 0.3 MKCl and 200 MCi of [C-32P]UTP
(3,000 Ci/mmol) with 40 U RNasin. The transcription reaction was
stopped with RNase-free DNase and proteinase K and extracted with
phenol:chloroform followed by precipitation of RNAin trichloroacetic
acid. 5 Mg of either the plasmid containing the linearized human NT/N
cDNA in the vector pGEM4(43), the pGEM4vector without insert,
the plasmid containing /3-actin cDNA (47), or the plasmid containing
cyclophilin (48) was denatured by heating to 100IC for 2 min in 0.1 N
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Figure 1. NT/N gene expression
in CaCo2-ras cells. (A) RNase
protection analysis. 32P-labeled

NT/N human NT/N RNAprobe (pHNT
EO.9; shown in schematic dia-
gram) was hybridized with 10 Itg
poly(A)+ RNAfrom CaCo2-ras
(lanes I and 2) and parental
CaCo2 cells (lanes 3 and 4). BON
cell RNA(2.5 ug) was used as a

GAPDH positive control. RNAfrom BON
and CaCo2-ras demonstrate an
expected protection product of
180 bases, consistent with exon 1
of the human NT/N gene. To en-
sure intact RNAsamples, a sepa-
rate RNase protection assay was
performed using human GAPDH
as a probe. (B) Northern blot anal-
ysis. RNAsamples from CaCo2-
ras (lanes I and 2) and CaCo2
cells (lanes 3 and 4) were analyzed
by Northern blot. CaCo2-ras cells
demonstrate NT/N transcripts of
the correct sizes (1.5 and 1.0 kb).
The blot was stripped and re-
probed with GAPDHto confirm
equal loading and intact RNA.

sodium hydroxide and applied to nitrocellulose with a slot-blot manifold.
A total of 107 cpm/ml elongated nascent RNAfrom either CaCo2-ras
or CaCo2 was hybridized for 48 h at 65°C to the denatured cDNAs
immobilized on nitrocellulose. The filters were washed with 2x SSC
(lx SSC = 0.15 Msodium chloride and 0.015 Msodium citrate) at
65°C for 1 h. Filters were next incubated with 8 ml RNase-A (10 ILg/
ml) in 2x SSC for 30 min at 37°C and then for 1 h in 2x SSC, and
then dried and exposed to x-ray film.

Transient transfection, chloramphenicol acetyltransferase (CAT)
and /3-galactosidase assays. Rat NT/N 5'-deletion and linker scanning
(-189/-182 and -52/-43) reporter constructs have been described
previously (49) and provided by Dr. Paul Dobner (University of Massa-
chusetts, Worcester, MA). The expression plasmids, pZIP-Ras(WT) and
pZIP-Ras(61L), which encode wild-type (normal) and an activated form
(leu 61) of human Ha-ras, respectively, were provided by Dr. Channing
J. Der (University of North Carolina, Chapel Hill, NC) (50, 51). Con-
structs encoding a dominant-negative form of the c-Raf-l protein (Raf-
C4) and a mutant of Raf-C4 (Raf-C4pml7), which is no longer domi-
nant-negative, were provided by Dr. Ulf Rapp (National Cancer Institute,
Frederick, MD) (52). All plasmids were prepared by alkaline lysis fol-
lowed by two successive bandings on cesium chloride density gradients
using standard methods (53).

1 d before transfection, cells were seeded at 2 x 106 in 100-mm
diameter culture dishes. Cells were refed 2-3 h before DNAtransfection
by the calcium phosphate coprecipitation technique (54, 55). To control
for differences in transfection efficiency, cells were cotransfected with
S ug of the /3-galactosidase plasmid pCH110 (56). In the assays in
which the NT/N-CAT reporter constructs were transfected with various
amounts of the 61L ras expression construct, the amount of DNA in
each transfection was held constant by adding vector DNA(pGEM4).
The medium was removed 4 h later and cells were treated for 2 min
with 15% (vol/vol) glycerol in PBS, washed twice with Hepes-buffered
saline, and refed. Cells were harvested 48 h after the addition of DNA.

Cell extracts were prepared by freeze-thawing the transfected cells
three times in 100 1l of 0.25 MTris-HCl (pH 7.5) and centrifugation

for 10 min at 4°C. Protein concentrations were determined by the method
of Bradford (57). CAT activity in the cell extracts was assayed as

described by Gorman et al. (55) with acetyl coenzyme A and [14C]-
chloramphenicol. The reaction products were separated by thin-layer
autoradiography. Acetylated reactions were quantified by liquid scintil-
lation counting of the excised TLC spots. P-Galactosidase assays were

carried out as follows: 20 ,l supernatant was added to 0.6 ml of reaction
mix (0.1 Msodium phosphate [pH 7.8], 10 mMKCl, 50 mM/i-mercap-
toethanol, 1 mMMgC12). The reaction mix was warmed to 37°C, and
120 tl of ortho-nitrophenol-/3-D-galactopyranoside (2 mg/ml) was added
and 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 Na2CO3and extrapolated to A42m. Promoter activity was expressed
as picomoles of chloramphenicol acetylated per milligram of cyto-
plasmic protein/h per A42m.

Western immunoblot analysis. Before analysis by Western blotting,

CaCo2-ras CaCo2

__

_

- hNT/N

cyclophilin

- B-actin

- pGEM4

Figure 2. Nuclear run-on
assay. 5 jig of linearized
cDNAs encoding human
NT/N (hNT/N), cyclo-
philin, and f3-actin was

blotted onto membranes
and hybridized to radio-
labeled RNAsynthesized
in nuclei isolated from
CaCo2-ras and CaCo2
cells. The pGEM4plas-
mid was used to deter-

mine nonspecific background hybridization. A representative assay from
two independent experiments is shown. After washing, the filters were

exposed to Kodak XARfilm using two intensifying screens at -70°C
for 24 h.
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Figure 3. Transient transfection assays. (A) NT/N promoter-CAT 5'
deletions transiently transfected in CaCo2-ras cells. CAT activity
(mean±SD) for four independent transfections is expressed relative to
the activity of -216 after normalizing for differences in transfection
efficiency by the ,f-galactosidase plasmid (pCHI 10). (B) NT/N promoter
mutations (-189/-182 and -521-43) transfected in CaCo2-ras. CAT
activity (mean±SD) for four independent transfections is expressed rela-
tive to the wild-type (-216/+56) NT/N promoter construct.

protein samples were resolved by sodium dodecyl sulfate (SDS)- 12%
PAGEand electroblotted onto Immobilon P membranes. Filters were
incubated overnight at room temperature in blocking solution (Tris-
buffered saline containing 5%nonfat dried milk and 0.05% Tween 20),
followed by a 4-h incubation with the rat anti-Ras monoclonal antibody
(1:300 dilution). Filters were washed three times and incubated with a
horseradish peroxidase-conjugated goat anti-rat immunoglobulin as a
secondary antibody (1:1,000 dilution) for 1 h. After three final washes,
the immune complexes were visualized using enhanced chemilumines-
cence detection.
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Results

NTIN is expressed in the Ras-transfonned CaCo2 cell line.
Stable transfection of the v-Ha-ras oncogene induces morpho-
logic differentiation of the human colon cancer cell line CaCo2
into a small bowel-like phenotype (24). We first determined
by a sensitive RNase protection analysis whether the CaCo2-ras
cell line expressed the gene for human NT/N, a small bowel-
associated endocrine product (Fig. 1 A). As a positive control,
RNAfrom the human endocrine cell line BON, which is known
to constitutively express the NT/N gene (44), was used and, as
expected, demonstrated a 180-base protection product consis-
tent with exon 1 of the human NT/N gene. In addition, NT/N
expression was identified in CaCo2-ras (lanes I and 2; Fig. 1
A). In contrast, the RNAsamples from subconfluent cultures of
parental CaCo2 cells demonstrated only minimal expression of
NT/N (lanes 3 and 4; Fig. 1 A).

To confirm that NT/N transcripts of the correct size were
expressed, Northern blot hybridization was performed (Fig. 1
B). Consistent with previous reports of NT/N expression in the

Figure 4. Cotransfection of oncogenic Ras expression vector with wild-
type NT/N-CAT. (A) Cotransfection of oncogenic Ras expression vector
(61L) with 15 jg NT/N-CAT (-216/+56) and 5 jig pCH1 10 in parental
CaCo2 cells. Amount of DNAwas kept constant in each transfection
with vector DNA(pGEM4). Data are expressed as the fold mean±SD
of the fold for three transfections. (B) NT/N-CAT deletion constructs
(15 jg) cotransfected with Ras expression vector 61L (10 jg) ( U). NT/
N promoter activity is expressed as mean fold activation (±SD) com-
pared with NT/N-CAT without 61L (-) for at least four transfections.
A representative CATassay is shown. (C) Representative RNase protec-
tion analysis of 5 jg poly(A)+ RNAfrom CaCo2 cells transiently
transfected with either NT/N-CAT deletion constructs alone or with
61L; DNAwas maintained constant with pGEM4vector DNA. In addi-
tion CaCo2 cells were mock transfected and RNAwas analyzed. The
RNAprobe (pG4-20) used in this analysis is depicted in the schematic
diagram. Probe alone is 364 bases; probe hybridized with RNAsam-
ples expressing the rat NT/N-CAT hybrid gene protects a 312-base
product. To ensure intact RNAsamples, a separate RNase protection
assay was performed using human GAPDHor a probe. MI, RNAmolec-
ular size marker (Ambion). M2, 32P-labeled Hinfi-digested OX174 DNA
fragments (Promega) (sizes on the left in bases).
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human small bowel (37, 39), CaCo2-ras cells express mRNAs
of 1.0- and 1.5-kb sizes with the smaller 1.0-kb species slightly
more abundant than the 1.5-kb mRNA(lanes I and 2; Fig. 1
B). Similar to the findings by RNase protection, minimal to no

expression of NT/N was noted in parental CaCo2 cells (lanes
3 and 4; Fig. B).

NT/N gene transcription is increased in CaCo2-ras cells.
Nuclear run-on assays were next performed using nuclei iso-
lated from CaCo2-ras and CaCo2 cells to determine whether
the dramatic increases in NT/N mRNAwere due to alterations
in the rate of transcription (Fig. 2). Cyclophilin and /3-actin
were used as positive controls to verify equivalent RNAinputs,
and in addition, the pGEM4plasmid was used to ensure that
the signals did not reflect nonspecific hybridization to probe
sequences. Wefound that the apparent rate of transcription of
human NT/N was 10-fold higher in CaCo2-ras than in CaCo2

cells when quantitated by densitometry and normalized to the
cyclophilin signal for each preparation. The results of these
experiments clearly demonstrate an increase in the relative rate
of NT/N gene transcription in the Ras-transformed CaCo2 cell
line compared with parental CaCo2 cells, suggesting that induc-
tion of the NT/N gene is mediated primarily at the transcrip-
tional level. Furthermore, this induction appears specific since
neither ,L-actin nor cyclophilin gene transcription was increased
in the CaCo2-ras cell line.

A proximal AP-1ICRE promoter element is crucial for Ras-
mediated NT/N activation. Ras-mediated activation of NT/N
may occur as a result of activation of certain transcription fac-
tors (e.g., the AP-1 protein c-Jun), which then bind to specific
promoter elements of the target gene (10-15). Contained within
the upstream 200 nucleotides of the NT/N promoter are several
important DNAregulatory regions known to be important for
induction of NT/N expression in PC12 cells (49). These include

Figure 4 (Continued)

a distal consensus AP-1 site (TGAGTCA) and a proximal near-
consensus AP-1/CRE site (TGACATCA), which is identical to
a c-jun autoregulatory element (58). To define the cis-elements
of the NT/N promoter that are responsible for Ras-mediated
activation, transient transfection assays were performed using
NT/N 5'-deletion constructs linked to the CAT reporter gene
(Fig. 3 A). Deletion of nucleotides between -6000 and -216
produced no decrease in CAT activity; however, deletion from
-216 to -43, a minimal promoter plasmid in which the proxi-
mal AP-1/CRE element located at -48 to -41 is truncated but
still retains the NT/N TATA box, silenced the NT/N promoter
when transiently transfected into CaCo2-ras cells.

To better delineate the sequences within these 216 nucleo-
tides that are required for ras activation, linker scanning muta-
tions of the distal consensus AP-1 site, located at -188 to -182,
and the proximal AP-1/CRE site were transfected into CaCo2-
ras cells (Fig. 3 B). Mutation of the distal AP-1 site produced
only a 25%decrease in CATactivity; however, alteration of the
proximal AP-1/CRE promoter element decreased CAT activity
> 80%. Taken together, these findings demonstrate that the
upstream 216 base pairs of the NT/N promoter are required for
Ras-mediated activation and that a proximal AP-1/CRE pro-
moter element appears crucial for this activation.

Oncogenic Ha-ras stimulates NT/N promoter activation in
transient cotransfection assays. Expression of NT/N in the sta-
bly transfected CaCo2-ras cell line suggested that ras can stimu-
late the activity of NT/N; however, it is possible that the stimu-
lating effect on the NT/N enhancer in these cells may be second-
ary to genetic changes as a result of the differentiation process.
To test directly whether Ha-ras can stimulate NT/N activity,
we used an expression construct (61L) (50, 51) that contains
the strongly transforming Ha-ras variant cotransfected with the
wild-type (-216/+56) NT/N-CAT vector. Increasing amounts
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of 61L resulted in dose-dependent increases in NT/N promoter
activation (Fig. 4 A). To further confirm the importance of the
proximal NT/N promoter sequences, NT/N deletion constructs
of -216, -120, and -43 were cotransfected with ras expression
vector 61L (Fig. 4 B). A 17-fold increase in NT/N promoter
activity was noted using the -216 NT/N promoter construct.
Deletion to -120, which removes the distal AP-1 site, reduced
NT/N activation by only 25%. On the other hand, cotransfection
of activated Ras with the truncated -43 NT/N-CAT plasmid
produced only a minimal (twofold) increase in NT/N promoter
activity compared with control plates not transfected with 61L.

To verify that expression of the CAT gene in the fusion
plasmids was under the control of the NT/N promoter, so that
the CAT-specific mRNAswere initiated at the authentic NT/N
CAP site, RNase protection analyses were performed (Fig. 4
C). CaCo2 cells transfected with the 5'-deletion fusion genes
were analyzed using an RNAprobe (pG4-20) to detect hybrid
rat NT/N-CAT mRNA(schematic diagram of probe shown at
top of Fig. 4 C). The size of the protected fragments (- 312
bases) confirmed that transcription begins at the bona fide rat
NT/N transcriptional start site and, in addition, that the changes
in CAT activity resulting from progressive deletion of the NT/
N promoter closely parallel changes in mRNAlevels. Further-
more, intact RNA samples were confirmed by hybridization
with GAPDHand analysis by RNase protection. Collectively,
these results, obtained by transient transfection assays, further
support the findings of Ras-mediated activation of NT/N and the
importance of the proximal NT/N promoter for this activation.

NTIN promoter activity is increased by overexpression of
normal c-Ha-ras, and this induction is blocked by a dominant-
negative Raf. Thus far, we have shown that activated Ras, either
stably or transiently transfected into CaCo2 cells, stimulates
NT/N expression. This does not establish, however, whether
normal (wild-type) Ras increases NT/N gene expression. To
directly assess this possibility, transfection studies using in-
creasing amounts of a plasmid encoding WT-Ras and a constant
amount of NT/N-CAT (-216/+56) were performed in CaCo2
cells. Cotransfection of WT-Ras resulted in a dose-dependent
increase of NT/N promoter activity with a 4.5-fold increase
noted using 10 jug of wild-type (W7T)-Ras (Fig. 5 A). These
increases were relatively modest compared with the 17-fold
increase in promoter activity associated with overexpression of
oncogenic Ras; however, they provide further support of a role
for Ras in the downstream activation of the NT/N gene in the
differentiated small bowel.

Next, to ascertain whether Raf kinase lies downstream of
Ras, cotransfection studies were performed with Raf constructs
that encode a dominant-negative Raf (Raf-C4) and, as a control,
a mutant of this dominant-negative Raf that is no longer inhibi-
tory (Raf-C4pml7) (Fig. 5 B). Dominant-negative Raf blocked
the induction of the NT/N promoter by WT-Ras in a dose-
dependent manner, whereas the inactive version of the domi-
nant-negative Raf had no significant effect on the Ras-mediated
stimulation of the NT/N promoter. Taken together, these find-
ings indicate that normal Ras can also stimulate NT/N promoter
activity, albeit at lower levels than oncogenic Ras. Furthermore,
inhibition of this NT/N promoter activation was observed using
a dominant-negative Raf, suggesting that Raf lies downstream
of Ras in the signaling pathway that culminates eventually in
NT/N gene induction.

Concomitant increases of NT/N mRNAand p2Jrzs protein
in postconfluent cultures of CaCo2. Because CaCo2 cells can
differentiate spontaneously to a small bowel phenotype when
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Figure 5. Cotransfection of wild-type (W7)-Ras with NT/N-CAT. (A)
Cotransfection of WT-Ras expression vector with 15 Mg NT/N-CAT
(-216/+56) and 5 Mg pCH1 1O in parental CaCo2 cells. Amount of
DNAwas kept constant in each transfection with vector DNA(pGEM4).
Data are expressed as the fold mean±SD of the fold for four to six
transfections. (B) Dominant-negative Raf inhibits WT-Ras induction of
the NT/N promoter in a dose-dependent fashion. CaCo2 cells were
cotransfected with NT/N-CAT (15 jug), pCH1O(5 rg), WT-Ras (10
jug), and increasing amounts of either the dominant-negative Raf-C4
expression vector (o) or a vector, Raf-C4pml7, encoding an inactivated
form of the dominant-negative form (n). GATactivity (mean±SD) for
four transfections is expressed relative to control (WT-Ras alone).

they reach a postconfluent state (59-62), we next determined
whether NT/N was expressed in postconfluent cultures of
CaCo2 and, similarly, whether Ras protein was increased in a
concomitant fashion. CaCo2 cells were harvested at 3, 6, 12,
and 15 d after reaching 100% confluency. RNase protection
studies identified increased expression of NT/N by postconflu-
ent day 6 (Fig. 6 A). Parallel dishes of CaCo2 cells were ex-
tracted for protein and analyzed by Western blot for expression
of p21r' using an anti-Ras antibody that detects antigenic deter-
minants common to all three members of the ras gene family.
Similar to NT/N gene expression, increases of p2iras were noted
by 6 d postconfluency (Fig. 6 B). Collectively, these studies
suggest an important role for the endogenous Ras signaling
pathway in the expression of NT/N in the gut-derived CaCo2
cell line that spontaneously differentiates to a small bowel phe-
notype under the appropriate culture conditions.

Discussion

Despite intensive efforts, the molecular mechanisms leading to
gut differentiation and the expression of terminally differenti-
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Figure 6. Analysis of NT/N gene expression and p2lras
in postconfluent CaCo2 cells. (A) RNase protection
analysis of CaCo2 cell poly[A]+ RNA(10 yg) at 3, 6,
12, and 15 d postconfluency hybridized with human NT/
N cRNA probe(pHNT EO.9). BONcell RNA(2.5 yg)
was used as a positive control to ensure intact RNA
samples, and a separate RNase protection assay was
performed using human GAPDHas a probe. M, RNA
molecular weight marker (Ambion). (B) Western blot
analysis of CaCo2 protein lysate (125 qg) at 3, 6, 12,
and 15 d postconfluency using rat anti-ras antibody
(Santa Cruz). CaCo2-ras protein (50 jg) was used as a
positive control.

ated products (e.g., gut hormones) remain poorly defined. The
ras gene family has been implicated in the malignant transfor-
mation of a variety of cell types including colonic mucosa (1,
3, 16); however, recent studies also suggest an important role
for cellular Ras in the differentiation and development of normal
tissues. For example, a gradient of p21ral expression is demon-
strated in the mucosa of the GI tract with increasing levels
noted in the more differentiated cells of the small bowel (25).
Consistent with these findings, Celano et al. (24) demonstrated
recently that stable transfection of the Ha-ras oncogene into the
human colon cancer line CaCo2 induces a differentiated pattern
characterized by a decreased proliferative capacity and the in-
duction of gene expression of a number of markers of small
bowel differentiation. CaCo2 cells have the unique property of
spontaneous differentiation to a small bowel-like phenotype in
culture with microvilli, dome formation, and maximal expres-

sion of sucrase-isomaltase and alkaline phosphatase noted 4-6
d after the cells have reached confluency (59-62). These find-
ings indicate that the parental CaCo2 and CaCo2-ras cell lines
offer a unique and well-characterized system to further define
the cellular mechanisms leading to small bowel differentiation
and the regulation of expression of differentiated cellular prod-
ucts of the GI tract, such as the gut hormones, in which little
is known about the molecular factors mediating the distinct
patterns of cell-specific expression.

Expression of the NT/N gene is regulated in a temporal-
and spatial-specific pattern and is highly dependent on the state
of gut differentiation (37, 38). For example, NT/N expression
is limited in the adult GI tract to the small bowel; however,

NT/N is expressed in the fetal colon during midgestation when
the colon morphologically resembles the small bowel (37). NT/
N is not expressed in the normal colon of the newborn or the
adult. In this study, we have shown that the NT/N gene is
expressed in the gut-derived CaCo2 cell line that has been stably
transfected with the Ha-ras oncogene. Furthermore, our results
clearly indicate that the Ras-mediated induction of NT/N
mRNAtranscripts is primarily due to an increase in the rate of
gene transcription.

Oncogenic ras enhances transcription of certain target genes

by activation of various transcription factors (10, 11). For exam-

ple, in several cell systems Ras stimulates the transcriptional
activity of the AP-1 protein c-Jun by hyperphosphorylation of
serines 63 and 73 located in its transcription-activating domain
(13-15). This, in turn, leads to the activation of certain target
genes containing AP-1 sites that are capable of binding c-Jun
(10, 11). Ha-ras is also known to stimulate activity of another
AP-1 protein, c-Fos; however, induction of c-Fos by Ras is
transient and there is no evidence for elevated c-Fos expression
in most transformed cells (13). Contained within the proximal
200 nucleotides of the rat NT/N promoter is a distal consensus

AP-1 site (TGAGTCA) located at -188 to -182 and a proximal
AP-1/CRE motif (TGACATCA) (49). This proximal AP-1/CRE
site is identical to a c-jun autoregulatory element capable of
binding both AP-1 and CREB/ATF factors (58, 63). In prelimi-
nary studies, using the endocrine cell line BONthat constitu-
tively expresses the NT/N gene, we have found that the distal
AP-1 site binds JunD, c-Fos, and Fra-1 proteins, whereas the
proximal element of the NT/N promoter binds c-Jun, JunD,
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CREB, activating transcription factor-I (ATF-1), and ATF-2
proteins (Evers, B. M., unpublished results). In our study, we
performed functional promoter analyses to define the elements
of the NT/N promoter that are responsible for Ras-mediated
activation. Deletion studies identify the 216 base pairs immedi-
ately upstream of the NT/N transcriptional start site as essential
for Ras-mediated activation in CaCo2 cells. Moreover, muta-
tions that specifically alter the two promoter elements identify
the proximal promoter element as critical for Ras activation of
NT/N in CaCo2-ras cells. Taken together, these findings suggest
that Ras activation of NT/N is probably mediated by an en-
hanced potency of c-Jun with only minimal contribution by c-
Fos. Alternatively, another possibility is that Ras mediates NT/
N induction through activation of one of the ATFs, which bind
to this multifunctional proximal promoter element. Support of
this possibility is provided by a recent report demonstrating
Ras-mediated induction of a prostaglandin synthase gene via a
proximal ATF/CRE response element (64).

In addition to the NT/N gene induction noted with activated
Ras, we also show that transfection of a plasmid encoding wild-
type Ras into CaCo2 cells induces NT/N promoter activity,
albeit at lower levels than oncogenic Ras. This induction was
inhibited, in a dose-dependent fashion, by a dominant-negative
Raf kinase. These findings suggest a role for cellular Ras in the
increased expression of the NT/N gene in gut-derived CaCo2
cells. Further evidence to support this speculation is provided
by the finding of increased NT/N expression in postconfluent
cultures of parental CaCo2 cells that is associated with concomi-
tant increases of p2lr'u protein. Collectively, our results imply
a functional requirement for the Ras signaling pathway in the
activation of NT/N, a cell-specific endocrine product of the gut.

Consistent with our findings of Ras-mediated increases of
NT/N expression, Ras overexpression results in the high-level
expression of the peptide hormone calcitonin in a small cell
lung cancer cell line (DMS 53) (65) and a medullary thyroid
cancer line (MTC) (21). Furthermore, Conrad et al. (66) recently
reported that components of the Ras pathway are required for
the regulation of neuroendocrine cell-specific genes in the pitu-
itary gland. Therefore, our findings, as well as those of others
(21, 65, 66), indicate that genes (such as NT/N) expressed in a
very strict tissue-specific manner may be subject to Ras regula-
tion.

The results presented in this study indicate that expression
of the NT/N gene and NT/N promoter fusion gene constructs
is stimulated by p2l'rS expression in human CaCo2 cells that
differentiate to a small bowel phenotype. This effect on NT/N
is mediated by increases in gene transcription and, in large part,
through a palindromic element in the proximal NT/N promoter.
Stimulation of NT/N expression is observed both for a stably
integrated ras gene and for transiently transfected activated and
wild-type ras expression plasmids. These findings are of novel
interest in understanding both general mechanisms of promoter
responsiveness to Ras and the specific cellular factors regulating
differentiated gene expression in the gut. Although previous
reports have shown that activated forms of Ras can stimulate
neuroendocrine gene expression in various cell lines (21, 65),
ours is one of the first studies documenting that these signaling
pathways affect a cellular gene that is normally expressed only
in highly differentiated cells of the gut mucosa. Our data also
underscore the possibility that tissue-specific genes expressed
in highly differentiated and distinct cells of the gut may be
subject to Ras regulation and, moreover, Ras may be actively

involved in gene regulation during normal gut development and
differentiation.
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