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Abstract

Gastrin release from the antral gastrin-expressing cell (G cell)
is regulated by bombesin and luminal factors. Yet, these
same extracellular regulators do not stimulate expression of
the gene. Since the gastric mucosa expresses large quantities
of EGF receptor ligands such as TGFa, we examined whether
EGF receptor ligands stimulate gastrin gene expression in
gastrin-expressing cell cultures. EGF receptor activation of
primary cultures stimulated gastrin gene expression about
twofold; whereas bombesin treatment of antral G cell cul-
tures stimulated gastrin release but not gene expression.
EGF and TGFa were weak stimulants of gastrin release.
EGF receptor activation of AGS human gastric adenocarci-
noma cell line stimulated gastrin gene expression nearly
fourfold; and gastrin reporter constructs transfected into
AGS cells were stimulated more than fourfold by EGF.
EGF induction was conferred by the previously defined
GC-rich gastrin EGF response element (2ERE) element lo-
cated at —68 to —53 bp upstream from the cap site since a
mutation of the gERE element abolished both basal and
EGF induction. Moreover, EGF treatment of AGS cells
stimulated binding of the transcription factor Sp1 to this el-
ement. Collectively, these results demonstrate that gastrin
gene expression and gastrin release are regulated by differ-
ent signaling pathways: gene expression by EGF receptor
activation and gastrin secretion by neuropeptides and lumi-
nal factors. (J. Clin. Invest. 1997. 99: 2762-2771.) Key words:
gERE . gene expression « DNA element « Sp1 « TGFa

Introduction

Gastrin release is regulated by changes in gastric pH, cAMP,
phorbol esters, bombesin, and amino acids (1-4). Proton pump
inhibitors stimulate gastrin gene expression by inhibiting gas-
tric acid secretion and by raising gastric pH (5, 6). However,
the specific regulators that mediate changes in gastrin gene
expression in the antral G cell are not known. Nevertheless,
since the gastric mucosa also expresses significant amounts of
growth factors, it is possible that these ligands may regulate
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the gastrin gene. Indeed, two recent animal studies have indi-
cated that chronic EGF treatment stimulates gastrin secretion
(7, 8). Although gastrin mRNA levels were not quantified, an
increase in antral gastrin-expressing cell (G cell)! density was
also shown, suggesting that the increase in serum gastrin levels
was a result of increased synthesis (7).

Members of the EGF ligand family include EGF, TGFa,
amphiregullin, betacellulin, heregulin, and heparin binding
EGF (HB-EGF) that all share significant peptide homology
and bind to the EGF receptor (9, 10). In particular, several of
these ligands are expressed in the gastric antrum. TGFa and
the EGF receptor are expressed in both fundic and antral mu-
cosa (11). More recently, the EGF receptor and HB-EGF
were colocalized to both the parietal and antral G cells, sug-
gesting that these two gastric cell types are autoregulated by
EGF receptor ligands (12). TGFa expression is localized pri-
marily in parietal cells and surface mucous glands of the hu-
man stomach (13). However, EGF-expressing cells are not de-
tected in healthy gastric mucosa, but instead appear in glands
at the rims of peptic ulcers and Brunner’s glands of the duode-
num (13-15). An explanation for differences in the timing of
EGF and TGFa expression in the stomach is not readily ap-
parent since these two ligands are equipotent regulators of pa-
rietal cell function (16). Moreover, they also have similar bind-
ing affinities to the EGF receptor (17).

Recently, Yamada and co-workers (18) reported that EGF
stimulates parietal cell H",K*-ATPase gene expression at a
lower concentration than required to inhibit acid secretion. In
contrast, the effect of EGF receptor activation on antral G cell
function is not known. Using stable transformants of a rat pitu-
itary cell line expressing the human gastrin gene, we have
shown previously that EGF and not gastrin-releasing peptide
(GRP) stimulates gastrin gene expression (19). However, EGF
regulation of gastrin has not been studied in native gastrin-
expressing cells. Therefore, to study regulation of the gastrin
gene in a native cell population, both primary canine G cells
and human gastric cell lines were treated with EGF or TGFa.
Changes in gastrin mRNA levels were analyzed by Northern
blots and reverse transcriptase polymerase chain reaction (RT-
PCR). Stimulation of gastrin secretion by these same agonists
was also examined in the primary culture system. We found
that gastrin gene expression in canine antral cell cultures was
stimulated by EGF receptor ligands but not by bombesin. In
contrast, bombesin stimulated gastrin release, to a significantly
greater degree than EGF or TGFa. Increased expression of

1. Abbreviations used in this paper: G cell, antral gastrin-expressing
cell; G-gly, glycine-extended progastrin; GAPDH, glyceraldehyde
phosphate dehydrogenase; gERE, gastrin EGF response element;
GRP, gastrin-releasing peptide; HB-EGF, heparin binding EGF; RT-
PCR, reverse transcriptase polymerase chain reaction.



the endogenous gastrin gene in the AGS human gastric adeno-
carcinoma cell line was also stimulated by EGF receptor
ligands. Using AGS cells stably transfected with gastrin re-
porter constructs, we found that EGF stimulates the gastrin
promoter through the gastrin EGF response element (gERE)
(CBGGGGCGGGGTGGGGGG) described previously (20).
Thus, the results in both culture systems demonstrated that
EGF receptor ligands increase gastrin gene expression.

Methods

Cell cultures and transfections. Primary canine G cell cultures were
prepared by the Michigan Gastrointestinal Peptide Center using col-
lagenase digestion and counterflow elutriation as described previ-
ously (2, 3). Approximately 6-8 X 10° cells were plated onto 100-mm
culture dishes precoated with Matrigel (Collaborative Research Inc.,
Lexington/Waltham, MA) in Dulbecco’s MEM (GIBCO BRL, Gaith-
ersburg, MD) containing 10% dog serum, 100 pg/ml penicillin, and
100 pg/ml streptomycin in a humidified atmosphere of 5% CO, and
95% air. The cells were allowed to settle for 24 h. Nonadherent cells,
mucous, and debris were removed by gentle tituration in PBS, and
fresh medium without sera was added to each plate for 24 h before
the addition of 1078 M TGFa, 1078 M EGF, or 10~7 M bombesin. To-
tal RNA was prepared 16 h after the administration of agonist. The
resulting antral G cell cultures were a mixed population of epithelial
cells and fibroblasts of which 15-25% were G cells by immunohis-
tochemistry (2). The concentrations of agonists used here have been
shown to maximally stimulate gastrin release or promoter activity (3, 19).

The AGS and MKN-45 cell lines (derived from human gastric ad-
enocarcinomas) (21, 22) were cultured in Dulbecco’s MEM contain-
ing 8% horse serum, 6% newborn calf serum, 100 wg/ml penicillin,
and 100 wg/ml streptomycin in a humidified atmosphere of 5% CO,
and 95% air. The AGS cells were stably transfected with the 240
GasLuc construct containing 240 bp of the human gastrin promoter
ligated upstream of the luciferase reporter in the pGL2B vector
(Promega Corp., Madison, WI). A mutation of the gERE element
within the 240 GasLuc construct was created using the site elimina-
tion method (23) and the mutant oligonucleotide Y ATGGCAGGG-
TAGGGGATTAGTGGGGGGACAGTTG as described previously
(24). The four mutated nucleotides in the gERE sequence are under-
lined. Pooled stable transformants of AGS cells expressing the wild-
type or mutant 240 GasLuc construct were created using calcium
phosphate coprecipitation without glycerol shock (5 Prime—3 Prime,
Inc., Boulder, CO). The constructs were cotransfected in a 10:1 ratio
with the pCMV neomycin plasmid and were selected in 400 pg/ml of
G418 (GIBCO BRL). Since the basal luciferase activity of the stable
transformants expressing the mutated gERE element was abolished,
PCR analysis was used to verify stable incorporation of the plasmid
into the genome. The same results were found in three pools of stable
transformants created by separate transfections.

Gastrin peptide analysis. Medium was removed 2 h after the addi-
tion of agonist and then spun for 5 s at 16,000 g to remove cells and
debris. The remaining adherent cells were lysed in 0.1 N NaOH,
boiled for 5 min, and centrifuged. The supernatant containing gastrin
peptide was removed from the cell pellet. Medium and the corre-
sponding cell content were both stored at —20°C until assayed. Dilu-
tions of the medium (1:100) and cell extract (1:1,000) were prepared
for RIA and were performed by the Michigan Gastrointestinal Pep-
tide Center using Ab 5135 specific for amidated gastrin (25). The
amount of gastrin in each fraction was quantified using a standard
curve prepared with iodinated gastrin or G6-gly peptide. G6-gly is a
synthetic peptide of six amino acids (Tyr-Gly-Trp-Met-Asp-Phe-Gly)
(26). The average amidated gastrin concentration in primary cell ex-
tracts was 5,000 fmol/ml. Cell extracts from AGS cells were prepared
in a similar manner. The average amount of glycine-extended progas-
trin (G-gly) was 241 fmol/ml.

Gastrin mRNA quantification. At the end of the designated incu-
bation times with or without agonist, total RNA was prepared using
Tri Reagent (Life Technologies, Inc., Gaithersburg, MD). For North-
ern blot analysis, RNA was resolved on a Mops-formaldehyde 1%
agarose gel and transferred to nylon membranes (Hybond-N*; Amer-
sham Corp., Arlington Heights, IL) by capillary action. After trans-
fer, the nylon membrane was probed overnight with a radiolabeled
cDNA probe encoding glyceraldehyde phosphate dehydrogenase
(GAPDH) (Rediprime kit; Amersham Corp.). After autoradiogra-
phy, the membrane was reprobed with a riboprobe complementary to
the third exon of the human gastrin gene in 50% formamide.

8 g of total RNA from cell cultures was reverse transcribed us-
ing the SuperScript-RT Preamplification Kit (Life Technologies,
Inc.). The cDNA obtained from this reaction was added to “HotStart
100” tubes (Molecular Bio-Products; Life Technologies, Inc.) along
with PCR buffer, MgCl,, dNTPs, Tag DNA polymerase, and gene
specific primers for gastrin and GAPDH added simultaneously. The
reagents were denatured for 30 s at 95°C, annealed for 2 min at 60°C,
and extension occurred at 72°C for 4 min over a total of 32 cycles.
PCR analysis of gastrin and GAPDH RNA from G cell cultures was
optimized separately to establish the optimal number of cycles for
each primer pair which was 25 and 32 cycles, respectively. GAPDH
primers were added first for seven cycles, then gastrin primers
were added second so that both cDNAs were amplified simulta-
neously. The canine-specific primers were (forward) ¥ ATGCAGCGA-
CTGTGTGTGTATGTAC and (reverse) > TCACCTTCCTCAGC-
ACTGCGGCGGC that produced a 302-bp product corresponding to
gastrin coding exons 2 and 3 (27). Gene specific primers for the hu-
man gastrin gene were ¥’ ATGCAGCGACTATGTGTGTGTATGT
for the forward and ¥ TTCTCATCCTCAGCACTGCGGCGGC for
the reverse primer and produced a 383-bp product corresponding to
exons 2 and 3 (28). The GAPDH-specific primers were purchased
from Clontech (Palo Alto, CA). The products were analyzed on a
1.3% agarose gel adjacent to 100-bp markers (GIBCO BRL). The
PCR product was confirmed using Southern blot analysis and a ribo-
probe complementary to the third exon of the human gastrin gene.

Data analysis. Quantitative analysis of the ethidium bromide—
stained gel containing RT-PCR products was achieved using a Phos-
phorlmager (Molecular Dynamics, Sunnyvale, CA) equipped with
ImageQuant software (Molecular Dynamics). mRNA abundance was
expressed as the ratio of gastrin mRNA to GAPDH determined by
values of relative fluorescence.

Immunohistochemistry and indirect immunofluorescence. Dog or
human antral tissue was obtained after approval from each respec-
tive animal or human Institutional Review Board. The tissue was
fixed in 4% paraformaldehyde-PBS for 30 min, dehydrated, and
paraffin-embedded. 3-pm sections were prepared, deparaffinized
through an alcohol series, and permeabilized in 0.3% H,0, and 100%
methanol. AGS cells were cultured on slides and fixed for 30 min in
4% paraformaldehyde-PBS. The sections or slides were blocked in
5% normal goat serum, 1% BSA, 0.1% Triton X-100, 0.1% Tween 20
in PBS for 1 h before an overnight incubation with mouse anti-EGF
receptor (Transduction Laboratories, Inc., Lexington, KY), rabbit
antigastrin (DAKO Corp, Carpinteria, CA), or mouse anti-TGFa
(Oncogene Sciences, Inc., Mineola, NY) antibody. The DAKO anti-
gastrin antibody detects both processed and unprocessed forms of
gastrin. A 1:200 dilution of the secondary anti-rabbit or anti-mouse
IgG antibody was added for 1 h and visualized with avidin-biotin
complexes using the Vectastain Elite ABC Kit (Vector Laboratories,
Inc., Burlingame, CA). Dual histochemical labeling was achieved us-
ing the Vectastain ABC Peroxidase and Alkaline Phosphatase Label-
ing Kits that included a horseradish peroxidase-tagged goat anti—
mouse antibody to detect the EGF receptor with diaminobenzidine
substrate and an alkaline phosphatase—tagged goat anti—rabbit anti-
body to detect gastrin with the Vector red alkaline phosphatase sub-
strate. Indirect immunofluorescence was performed using a fluores-
cein-tagged goat anti-rabbit antibody to detect the antigen—antibody
complexes binding to gastrin and Texas red-tagged goat anti-mouse
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Figure 1. Immunocytochemical localization of the EGF receptor and gastrin. 3-um sections of canine (A, C, E) or human antral tissue (B, D, F)
were stained with mouse EGF receptor (1:50 dilution) (A, B, E1, FI) or rabbit gastrin (1:800 dilution) (C, D, E2, F2) antibodies and visualized
using the Vectastain Elite ABC Peroxidase Kit. E and F show the localization of EGF receptor (E! and FI) and gastrin antibody (E2 and F2)
staining in serial sections of dog and human antral tissues, respectively. A-D, X100; E, X400; and F, X300.

2764  Fordetal.



Figure 2. Immunocytochemical localization of TGFa and gastrin. 3-um sections of canine (A and C) and human (B and D) antral tissue were
stained with TGFa (1:50 dilution) (A), gastrin (1:800 dilution) (B), or both (C and D) antibodies. The antigen—antibody complexes were visual-
ized by immunohistochemical methods (A and B) or indirect immunofluorescence (C and D). All sections were photographed X100. Black ar-
rows, cells staining with TGFa antibody. Indirect immunofluorescence patterns were as follows: TGFa (Texas red) and gastrin (fluorescein).
White arrows, canine TGFa staining cells. Colocalization of TGFa and gastrin antibodies were indicated by the confluence of the indirect immu-
nofluorescence signals (yellow).

antibody to detect the complexes binding to TGFa (Vector Labora-
tories, Inc.).

Electrophoretic mobility shift assays (EMSAs). Nuclear extracts
were prepared by detergent lysis (29) from AGS cells cultured in se-
rum-free media for 24 h, then treated for 3 or 16 h with 10~ M EGF.
Double-stranded oligonucleotide cassettes corresponding to the gERE
element were end-labeled with [*P]dCTP using Klenow. Radio-
labeled gERE probe (GGGGCGGGGTGGGGGG; 30,000 cpm/0.1

ng) was incubated at 25°C with AGS nuclear extracts in a final vol-
ume of 20 pl containing EMSA buffer (10 mM Tris-HCL, pH 7.9, 1 mM
ZnCl,, 100 mM KCI, 1 mM Na,EDTA, 1 mM DTT, 5 mM MgCl,, and
10% glycerol). Oligonucleotide competitors at 100 times the molar
concentration of the probe were used to compete for specific binding.
Spl antiserum (Santa Cruz Biotechnology, Santa Cruz, CA) was in-
cubated with AGS extracts 15 min before adding the probe. DNA-
protein complexes were resolved on a 4% nondenaturing polyacryl-
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amide gel containing 45 mM Tris base/45 mM boric acid/l mM
Na,EDTA.

Results

The EGF receptor colocalizes to the antral G cell. To investigate
the hypothesis that EGF receptor ligands stimulate gastrin
gene expression, we studied the location of the EGF receptor
by immunohistochemistry in both canine and human antral tis-
sues. Serial sections of antrum were prepared and stained with
gastrin or EGF receptor antibody. Fig. 1 demonstrates that the
location of the most intense EGF receptor staining occurs in
the mid-antral glands. In the dog antrum, EGF receptor stain-
ing was most intense in surface mucous cells and discrete cells
of the mid-antral glands (Fig. 1 A). This pattern of expression
correlated with a previous study demonstrating that '*I-EGF
binding sites are present on the mucosa of canine antrum (30).
Similarly, in the human antrum, EGF receptor staining was
most intense within the mid-antral glands but was undetect-
able on the surface mucous cells (Fig. 1 B). Gastrin-expressing
cells were also located in the mid-antral glands of the canine
and human mucosa (Fig. 1, C and D) and thus colocalized with
the most intense EGF receptor antibody staining (Fig. 1, E and
F). Using dual labeling immunohistochemical techniques,
colocalization of EGF receptor expression and gastrin in both
species was confirmed (data not shown).

Since TGFu is expressed in normal antral mucosa, immu-
nohistochemical techniques were used to locate the cells ex-
pressing TGFa (Fig. 2). In the dog, TGFa expression was de-
tected at the base of the crypts and in mid-antral glands with
some cells expressing both gastrin and TGFa (Fig. 2, A and C).
In the human antrum, TGFa was expressed primarily by sur-
face mucous cells, a finding that was distinctly different from
expression in the dog antrum. In addition, colocalization stud-
ies confirmed that gastrin-expressing cells in the mid-antrum
do not express detectable amounts of TGFa (Fig. 2 D).

EGF/TGFua stimulate an increase in gastrin mRNA levels in
canine G cells. Since the antral G cell clearly possesses EGF
receptors and is capable presumably of responding directly to
EGF or TGFa, we studied gastrin gene expression in gastrin-
expressing cell cultures. After incubating the G cell cultures
with either 107 M EGF or 10~7 M bombesin for 16 h, total cell
RNA was prepared for Northern blot analysis (Fig. 3). A 20%
increase in gastrin mRNA level was observed in response to
EGF compared to GAPDH (Fig. 3). Densitometric analysis
revealed no significant change in gastrin mRNA in response to
bombesin.

To further evaluate the time course of gastrin mRNA in-
duction and to study the effect of TGFa on gastrin mRNA, du-
plicate plates of primary G cells were prepared and treated
with 107® M TGFa. Because of limitations in obtaining large
quantities of canine G cells sufficient to routinely prepare total
RNA for Northern blots, analysis of multiple samples was per-
formed using RT-PCR. RT-PCR primer pairs complementary
to canine exons 2 and 3 were based upon the published cDNA
sequence (27). The expected dog gastrin product was 302 bp.
Human GAPDH primers were used simultaneously in the re-
action mixture to document the integrity of the RNA and to
control for the amount of cDNA used in each reaction.
Changes in gastrin mRNA were expressed as a function of
GAPDH mRNA levels. A representative ethidium bromide—
stained gel is shown in Fig. 4 A. The results from three inde-
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Figure 3. Northern blot analysis of gastrin gene expression regulation
by EGF or bombesin in primary canine cell cultures. Northern blot of
total RNA extracted from primary dog cells treated with 107 M EGF
or 1077 M bombesin (BBS) for 16 h. Primary cultures were prepared
from canine antrum and enriched for gastrin-expressing cells using
counterflow elutriation. The cells were plated on Matrigel for 16 h be-
fore replacing with MEM without serum for 24 h. An entire dog prep-
aration was used for each treatment. Total RNA was extracted and
resolved on a 1% Mops-formaldehyde gel for Northern blot analysis
with a cDNA probe to GAPDH. The blot was then reprobed with a
riboprobe complementary to the third exon of the human gastrin pro-
moter in 50% formamide.

pendent experiments are plotted as a function of time and
show that 107® M TGFa stimulated a 2.5-fold increase in gas-
trin relative to GAPDH mRNA by 16 h (Fig. 4 B). The magni-
tude and time course of activation was similar to what was re-
ported previously for induction of the human gastrin gene in
stable transformants of GH, cells (20). Moreover, these results
are consistent with the observation that the mouse and rat pro-
moters are also stimulated by EGF (31; our unpublished ob-
servations). Therefore, activation of the EGF receptor by ei-
ther EGF or TGFa stimulates gastrin gene expression in the
native antral G cell.

EGF/TGFua stimulate gastrin release in canine G cells. The
observation that EGF/TGFa stimulated gastrin gene expres-
sion raised the possibility that these ligands might also stimu-
late gastrin release. To study the effect of EGF, TGFa, and
bombesin on gastrin release, the medium was collected after
treating the cells for 2 h with agonists. A dose-response analy-
sis of these ligands demonstrated that the maximal effective
dose for gastrin release was 1078 M for the EGF receptor
ligands (data not shown). Nanomolar concentrations of bom-
besin are sufficient to stimulate gastrin secretion from primary
canine cultures by at least 200% above control levels within 2 h
(2). Using the same maximal secretagogue concentrations for
each agonist, bombesin stimulated gastrin release (as a per-
centage of cell content) 250% (£49%) above control levels;
whereas EGF and TGFa both stimulated gastrin release only
50% (%10 and 26%, respectively) above controls in four ex-
periments. The P values for EGF, TGFa, and bombesin were
0.05, 0.11, 0.02, respectively, indicating low but significant re-
lease induced by EGF receptor activation. Similarly, a modest
but significant increase in plasma gastrin levels was observed
in fasting pigs receiving EGF (8). Therefore, bombesin was the
more potent regulator of gastrin release; whereas activation of
the EGF receptor was a more effective activator of gastrin
gene expression.
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Figure 4. TGFa induction of gastrin gene expression over time in ca-
nine primary cultures. Primary canine cultures were treated with
1078 M TGFa for the times designated before the preparation of total
RNA. 8-pg of total RNA was reverse transcribed and 4 pg of the
cDNA was amplified simultaneously with GAPDH and canine gas-
trin primers. The PCR products were resolved on a 1.3% agarose-
ethidium bromide gel (4). A total of at least four experiments were
quantified on a fluoroimager and expressed as a percentage of the
control gastrin/GAPDH ratio (B). The means=SEM are shown.
*P < 0.08.
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EGF/TGFu stimulate an increase in gastrin mRNA levels
and promoter activity in human gastric cell lines. To study gas-
trin gene expression in human cell lines, changes in gastrin
mRNA levels in the AGS cell line were quantified using RT-
PCR (Fig. 5). AGS cells express small amounts of gastrin
mRNA; therefore, to assess whether TGFa increases gastrin
mRNA levels, the cells were cultured for 24 h in serum-free
media. Total RNA was prepared after the cells were treated
with 1078 M TGFa for the times indicated. Total RNA was
used for RT-PCR using human gastrin and GAPDH primers
simultaneously. The products were then resolved on an ethid-
ium bromide stained gel (Fig. 5 A). The results were quantified
by fluorimetry and demonstrated that TGFo stimulates a four-
fold increase in gastrin mRNA levels relative to GAPDH
mRNA and that maximal induction occurred between 2 and
4 h after TGFa treatment (Fig. 5 B). A similar time course and
magnitude of induction was observed for AGS cells stimulated
with 10~ M EGF (data not shown). The MKN-45 cell line that
is also derived from a human gastric adenocarcinoma has been
shown previously to express the EGF receptor and gastrin
peptide (32, 33). We found that TGFa treatment of the MKN-
45 cell line also stimulated a fourfold increase in gastrin
mRNA levels (data not shown). Thus, consistent with the pres-
ence of EGF receptors on the surface of human G cells, an in-
crease in gastrin mRNA levels was induced by TGFa in hu-
man cell lines.

To determine whether AGS cells express gastrin peptide,
paraformaldehyde-fixed AGS cells were immunostained with
a commercial gastrin antibody or antibody raised against the
progastrin glycine-extended form (26). The results shown in
Fig. 6 demonstrate that both a gastrin antibody recognizing
processed and unprocessed forms of gastrin and antibody rec-
ognizing glycine-extended forms stained AGS cells. Although
the G6-gly Ab (Fig. 6, C and D) also recognizes cholecystoki-
nin (26), glycine-extended gastrin peptide competed for Ab
staining demonstrating the specificity for G-gly in this cell.
Moreover, gastrin was not detected in an RIA using the gastrin
antibody 5135 that specifically recognizes amidated gastrin
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Figure 5. Regulation of endogenous gastrin gene expression in a gastric adenocarcinoma cell line. The AGS gastric adenocarcinoma cell line was
cultured in serum-free media for 24 h, then treated with 1078 M TGFa for the times designated before the preparation of total RNA. RT-PCR
was performed on 8 pg of total RNA with GAPDH and human gastrin primers used simultaneously in the reaction mixture as described in Fig.
4. The PCR products were resolved on a 1.3% agarose-ethidium bromide gel (A). The results were quantified on a fluoroimager. The fluorimet-
ric units shown represent the ratio of gastrin to GAPDH expressed as a percentage of the untreated control gastrin/GAPDH ratio (B). The

means*SEM for three experiments are shown. *P < 0.05.
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Figure 6. Immunodetection of gastrin peptides in AGS cells. AGS cells were cultured on glass slides then fixed in 4% paraformaldehyde-PBS.

The permeabilized cells were then incubated with (A) anti-human gastrin antibody (1:100 dilution) or (C) anti-Go6-gly antisera (1:200 dilution)
and visualized using the Vectastain Elite ABC peroxidase kit. To demonstrate Ab specificity, the cells were incubated with (B) antigastrin anti-
body and 10 uM gastrin peptide, or (D) anti-G6-gly Ab and 10 pM G-gly peptide. X1,000.
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Figure 7. Regulation of gastrin reporter constructs stably expressed
in the AGS cell line. The wild-type or mutant 240 GasLuc reporter
constructs were cotransfected into AGS cells with a pCMV neomycin
plasmid using calcium phosphate coprecipitation. Stable transfor-
mants were selected in G418 and pooled. The pooled transformants
were placed in serum-free media for 24 h and then stimulated with
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(25) (< 1 fmol/ml). However, 241 fmol/ml of progastrin was
detected by RIA using the antibody specific for glycine-extended
gastrin (Go-gly Ab).

To determine whether EGF/TGFa induction of the human
gastrin gene maps to the gERE element, the 240 GasLuc con-
struct containing 240 bp of 5’ flanking sequence and the first
exon was stably transfected into the AGS cells (Fig. 7). The in-
duction observed with the wild-type construct was compared
to the activity of a 240 GasLuc construct containing a mutation
within the gERE element. A time course of induction with
EGF demonstrated that maximal promoter activity was achieved

1078 M EGF. Cell lysates were prepared 3 h after EGF treatment.
The results are expressed as a percentage of the luciferase activity
from untreated cells (Con). The means*=SEM for three experiments
performed in triplicate are shown. *P < 0.001. The 240 GasLuc re-
porter construct contains the first 240 bp of the human gastrin pro-
moter and the first exon subcloned into a luciferase expression vector
(light unit activity of controls = ~ 1,500). The mutant 240 GasLuc
construct contains a mutation within the gERE element (light unit ac-
tivity of untreated mutant controls = 30).



0 3h 16h Ab 3h WT Sp1 Mut

1 2 3 4 5 6 7 8

WT gERE GGGGCGGGGTGGGGGE
mut gERE GGGGATTAGTGGGGGG
Sp1 CCCGGCCGGGGECGGEGEE

Figure 8. EGF induces binding of nuclear protein from AGS cells to
the gERE element. AGS cells cultured for 24 h in serum-free media
were treated with 107 M EGF for 3 and 16 h before the preparation
of nuclear extracts by detergent lysis. The gERE element was used as
a probe to detect inducible binding of nuclear protein. Lane /, ex-
tracts from untreated cells; lane 2, extracts from cells treated for 3 h;
lane 3, extracts from cells treated for 16 h; lane 4, extracts from cells
treated for 3 h plus Sp1 antibody; lane 5, 3-h treated extracts; lane 6,
competed with X100 of WT gERE; lane 7, competed with X100 of
Spl; lane 8 competed with X100 of mutant gERE. Arrows, complex
1, 2, and 3 described in the text. *Supershifted Sp1 protein.

within 3 h, paralleling induction of the endogenous gastrin
gene in AGS cells (data not shown). The 240 GasLuc construct
was induced nearly fivefold by 10~ M EGF; however, a muta-
tion only in the gERE element (mutant 240 GasLuc) elimi-
nated both basal promoter activity and induction by EGF. The
same fold induction was observed with TGFa (our unpub-
lished observations). The fold induction by EGF was similar to
that observed previously in stable transformants of GH, cells
expressing the human gastrin gene and transient transformants
expressing the 240 GasLuc construct (20, 34).

EGF induction of the transfected gastrin promoter correlates
with inducible binding to gERE. To demonstrate that the com-
plexes binding to the gERE element were similar to those de-
scribed previously (35), EMSAs were performed using the
¢ERE element as a probe and AGS nuclear extracts from
EGF-stimulated cells (Fig. 8). Three major complexes from
AGS nuclear extracts were observed to bind the gERE ele-
ment. Complex 1 contains both Spl and a second zinc finger
factor called ZBP-89 (34). Complexes 2 and 3 have been desig-
nated as gERP 1 and 2; however, the proteins comprising these
complexes have not been identified (35). The results indicate
that the slowest migrating complex (complex 1) was induced
by EGF within 3 h. The increase was primarily a result of an
increase in Sp1 binding since Spl antibodies supershifted most
of complex 1. Induction of the complex returned to near base-
line by 16 h. To demonstrate that the 4-bp gERE mutation
eliminated the binding of all three complexes, competition
with the mutant element was performed. The results showed

that the mutant gERE did not compete for the binding of com-
plexes 1, 2, or 3; whereas, Sp1 competed for complex 1 and WT
¢ERE competed for all three complexes. Thus, the loss of
EGF induction observed with a mutated gERE (Fig. 7) was
because of the loss of binding of these three complexes.

Discussion

The specific extracellular regulators of gastrin release are well
documented; however, the mediators of gastrin synthesis have
not been well-defined. Based upon preliminary studies in ani-
mals and cell lines, we tested the hypothesis that activation of
the EGF receptor by either EGF or TGFa stimulates gastrin
gene expression. The studies reported here demonstrate that
the EGF receptor colocalizes to the antral G cell and that
treatment of antral G cell cultures with EGF receptor ligands
will stimulate gastrin gene expression. Moreover, the gERE el-
ement mediates this induction to the human gastrin gene in
human gastric cell lines. Thus activation of the EGF receptor is
a physiologic regulator of gastrin synthesis. Furthermore, these
results are consistent with prior in vivo and in vitro studies in
both animals and transfected cell lines showing that the
mouse, pig, and human gastrin genes are responsive to EGF
(7,8,19,31).

EGF/TGFa regulation of the gastrin gene is not surprising
when viewed in the context of the widespread expression of
EGF receptor ligands by the gastric mucosa (11). Both EGF
and TGFa exhibited the same effect on gastrin release and
gene expression consistent with prior evidence that both
ligands are equipotent in the stomach (16). Colocalization of
the EGF receptor to G cells was observed in both the human
and canine antrum; however, the number of G cells possessing
EGF receptors appeared greater in the human antrum. Thus,
there may be species differences in the number and types of
cells expressing the EGF receptor. The species differences
were most impressive when comparing the distribution of
TGFa peptide expression. In the human antrum, the most in-
tense staining with TGFa antibody was in surface mucous epi-
thelial cells but was undetectable in the mid-antral glands. In
contrast, the most intense TGFa staining in the canine antrum
occurred in discrete cells of the mid-glandular region and less
so in the mucous cell layer with a number of cells expressing
both TGFa and gastrin. Interestingly, EGF receptor antibody
staining was quite prevalent in surface mucous cells of the dog
but undetectable in the same cells in the human antrum. The
distribution of TGFa in human antrum was similar to what has
been reported previously (13). The significance of these find-
ings is not understood, but may help to explain the epithelial
cell layers that undergo hypertrophy in certain disease states.
For example, in Ménétrier’s disease, the surface mucous cell
layer in the body of the stomach undergoes hypertrophy and
hyperplasia, presumably because of the influence of excess
TGFa production (13). However, the antrum is usually spared
(36), perhaps because of the significantly fewer EGF receptors
on these cells. The species differences in the distribution of
EGF receptor ligands may also provide some insight into why
there are differences in the promoter elements in the nonhu-
man gastrin genes (37). In particular, the mouse and rat genes
are missing the gERE element, yet remain EGF responsive, al-
beit not to the same extent as the human promoter (31; our un-
published observations).

As reported for GH, transformants (19), bombesin or GRP
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treatment of native G cell cultures had little effect on gastrin
gene expression despite its ability to stimulate gastrin release.
Since the primary cultures were not comprised exclusively of
G cells, there was the possibility that another cell type was ini-
tially activated by EGF/TGFa and released a second mediator.
However, this result is unlikely since G cells appear to possess
a higher concentration of EGF receptors compared to the sur-
rounding epithelial cells. Moreover, EGF and TGFa were
found to also regulate gastrin gene expression in a human gas-
tric cell line. In particular, RT-PCR of total RNA from AGS
cells revealed a fourfold increase in gastrin mRNA levels in re-
sponse to TGFa. Therefore, activation of the EGF receptor in
a homogenous cell population also stimulated gastrin gene ex-
pression, indicating that the response to receptor activation is
probably direct. In contrast to bombesin, the EGF receptor
ligands were weak secretagogues. The AGS cells did not ex-
press mature gastrin and thus were not used to study gastrin
secretion. Collectively the data indicate that gastrin secretion
and gene expression are regulated by different extracellular
mediators and signal transduction pathways.

This result is consistent with what is known about peptide
synthesis and release in other systems and can be explained by
considering that there are multiple regulators, e.g., bombesin
and EGF/TGFa, that may act coordinately to respond to dif-
ferent environmental cues at different times. Although EGF/
TGFa in the absence of bombesin may stimulate a small
amount of gastrin release, the amount released in vivo will
likely reflect the effects of the more potent secretagogue, i.e.,
bombesin or GRP. Alternatively, extracellular signals may be
used to elicit different types of responses over time. Bombesin
may mediate the release of gastrin acutely, while EGF recep-
tor ligands may mediate the release of low levels of gastrin
chronically over time.

Differential regulation of peptide synthesis and release by
EGF/TGFa has been documented in other endocrine systems
(10). However, examples of EGF as a secretagogue are less
frequent than descriptions of its role as a regulator of cellular
proliferation and differentiation. EGF stimulates release of pi-
tuitary ACTH and subsequent adrenal cortical secretion with
similar potency to corticotropin-releasing factor (CRF) in fetal
lambs (38). It also will stimulate prolactin synthesis (gene tran-
scription) but minimal prolactin release from rat pituitary cell
lines (39, 40). EGF stimulates the release of growth hormone
and luteinizing hormone (41-43). However, growth hormone
gene expression is inhibited by EGF. In the pancreas, EGF
stimulates acinar cell growth as measured by [*H]thymidine in-
corporation into DNA and thus is primarily a mitogen in this
organ system (44). Similarly, EGF functions as a mitogen on
mammary and epithelial cells (45).

Extracellular mediators that regulate amylase synthesis
and not release have been studied in the exocrine pancreas. In-
sulin and dexamethasone both individually stimulate amylase
synthesis, but not its release (46, 47). Insulin increases DNA
synthesis in pancreatic acinar cells within the first 24 h and se-
lectively increases amylase content compared to total cellular
protein within 48 h (48). Similarly, glucocorticoids will also in-
crease amylase content by stimulating amylase gene transcrip-
tion in addition to cellular differentiation, a process that is de-
layed for at least 12 h and then reaches a maximum within 48 h
(46). Although cholecystokinin (CCK) will also stimulate amy-
lase synthesis, it, along with acetylcholine, is a major regulator
of amylase release (44, 49). Taken together, proliferation, dif-
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ferentiation, and secretion of amylase from the pancreatic aci-
nar cell are the result of at least three hormones that exert
overlapping, but distinctive functions. Interestingly, both insu-
lin and dexamethasone increase amylase content after a lag
period of several hours to days, but do not stimulate significant
release in the absence of CCK, an event that occurs within
minutes.

We have studied previously gastrin gene expression in
transfected GH, cells and showed that EGF induction maps to
a GC-rich element within the human gastrin promoter (20).
We now show that this same element confers EGF/TGFu in-
duction in a gastrin-expressing human cell line. As predicted
from our prior studies (35), Sp1 bound to the gERE element in
response to EGF receptor activation. Thus, inducible transac-
tivation of the gastrin promoter is mediated in part by Spl. It
remains to be determined what role the other complexes play
and whether inducible binding of these factors is a result of
phosphorylation status.

In summary, the results reported here establish EGF recep-
tor activation as a major regulator of gastrin gene expression
and demonstrate that gastrin secretion and synthesis are differ-
entially regulated. These studies also establish the AGS cell
line as a relevant system to study regulation of the human gas-
trin gene. Furthermore, these studies confirm that transcrip-
tion factor Spl is the most likely target of the EGF receptor
signaling cascade that in turn binds to and transactivates the
gastrin promoter.
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