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Abstract

Transforming growth factor a (TGFa) shares with epidermal
growth factor (EGF) structural homology (35%), a common
cell-surface membrane receptor (TGFa/EGF receptor), and a
nearly identical spectrum of biological activity, including inhi-
bition of gastric acid secretion. Herein, we report expression of
TGFa mRNA in normal gastric mucosa ofthe adult guinea pig,
rat, and dog. TGFa mRNA was also detected in matched sur-
gically resected gastric mucosa and adjacent gastric carcinoma
from 10 patients, and in gastric mucosa adjacent to a benign
ulcer from an additional patient. TGFa protein was quantitated
by radioimmunoassay and was present in tumor and adjacent
mucosa. TGFa/EGF receptor mRNA was also detected in
gastric mucosa from all species studied. Localization of TGFa
and TGFa/EGF receptor mRNA expression was examined in
samples of unfractionated guinea pig gastric mucosa and from
chief cell-enriched and parietal cell-enriched fractions. All
samples exhibited TGFa and TGFa/EGF receptor expression.
The TGFa signal was greatest in the parietal cell fraction
(5.8-fold increase), but was also enhanced in the chief cell
fraction (1.9-fold increase) relative to the unfractionated gas-
tric mucosa. Like TGFa expression, TGFa/EGF receptor
mRNA expression was most intense in the parietal cell-
enriched fraction (7.8-fold increase), but was also increased in
the chief cell-enriched fraction (2.7-fold increase) relative to
the unfractionated guinea pig gastric mucosa. We conclude
that TGFa and TGFa/EGF receptor genes are expressed in
normal adult mammalian gastric mucosa. These findings, when
interpreted in light of described actions of TGFa and EGF,
provide evidence that local production of TGFa could play an
important role in the regulation of acid secretion and mucosal
renewal in the stomach.

Introduction

Epidermal growth factor (EGF)' and transforming growth
factor a (TGFa) are homologous polypeptides (1, 2), both of
which bind to the EGF receptor (3-5). TGFa was initially
postulated to be an embryonic growth factor that was inappro-
priately expressed in neoplasia (6). More recently, TGFa ex-
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pression has been detected in a number of nontransformed
cells and tissues (7-9). The spectrum of biological activity for
TGFa and EGF are qualitatively similar, although several
quantitative differences have been observed (10, 1 1). All
known actions ofboth ligands appear to be mediated via bind-
ing to the TGFa/EGF receptor; no discrete TGFa receptor has
been identified (12).

Both EGF and TGFa have been shown to have potent
effects on the gastric mucosa, a complex epithelium composed
of multiple cell types. Surface epithelial cells, which line the
mucosa of all regions of the stomach, secrete mucus and bi-
carbonate. Parietal cells, which secrete hydrochloric acid, and
chief cells, which secrete pepsinogen, are found primarily in
gastric glands in the fundus and body. Neuroendocrine cells
consist of gastrin-producing G-cells, somatostatin-producing
D-cells, enterochromaffin cells and enterochromaffin-like
cells; their distribution varies with the particular cell type, e.g.,
the stomach's G-cells are confined to the antrum (13).

EGF stimulates DNA synthesis in the gastric mucosa of
rodents (14-16) and protects against gastric ulcer formation in
rats and cats at doses that have no effect on acid secretion ( 16).
Removal of salivary glands (the major intraluminal source of
EGF) in rats results in atrophy of gastric mucosa (17) and a
delay in healing ofgastric and duodenal ulcerations that can be
reversed by treating the animals with either oral or parenteral
EGF (18). These studies imply an important physiological role
for EGF in gastric mucosal growth. Of potential importance in
the stomach, both TGFa (19) and EGF (20) are acid stable
proteins.

Extracts from human urine have long been known to in-
hibit gastric acid secretion (21, 22). The putative gastric acid
inhibitory agent was named urogastrone. Subsequent purifica-
tion and characterization of human EGF (20, 21) and human
f3-urogastrone (24) revealed that they were identical. In con-
scious dogs, EGF inhibits gastric acid secretion stimulated by
pentagastrin, histamine, and urecholine, as well as that stimu-
lated by meal and sham feeding (25). In anesthetized rats, EGF
inhibits gastric acid secretion stimulated by carbachol, hista-
mine, and pentagastrin (26). EGF (27) and TGFa (28) inhibit
histamine-stimulated gastric acid secretion from isolated
guinea pig gastric mucosa when delivered to the serosal, but
not luminal surface; intravenous delivery of both ligands in-
hibits acid secretion in rats (29). In addition to inhibiting acid
secretion, EGF inhibits pepsinogen secretion in rabbit gastric
mucosa stimulated by agonists that increase intracellular
cAMP (30). High affinity TGFa/EGF binding sites have been
demonstrated on both fundic and antral gastric glands from
the guinea pig (31).

TGFa is no longer regarded simply as an embryonic
growth factor that is inappropriately expressed in neoplasia,
but also as an integral physiological regulator of growth in
normal tissues ( 12, 32, 33). In screening gastrointestinal tissues
for TGFa expression, we found relatively abundant levels in
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the gastric mucosa. Given the aforementioned effects ofTGFa
and EGF on gastric mucosal growth, repair, and acid secretion,
we examined gastric mucosa from four mammalian species for
TGFa, EGF, and TGFa/EGF receptor expression and at-
tempted to localize expression to a subpopulation of gastric
mucosal cells.

Methods

Processing oftissue. Gastric mucosa was obtained from normal adult
mongrel dogs, guinea pigs, and rats at sacrifice and kidneys were ob-
tained from rats and dogs. Human gastric and kidney samples were
obtained fresh from the Department of Surgical Pathology. Human
gastric carcinoma and adjacent uninvolved gastric mucosa were also
obtained from the Cooperative Human Tissue Network of the Na-
tional Cancer Institute and from the Mayo Clinic (Rochester, MN).
The gastric mucosa was washed with cold water and then rapidly
dissected from the muscularis. The samples were rapidly frozen in
liquid nitrogen and stored at -80°C until processing. Human tissue
utilization was approved by Vanderbilt University and Mayo Clinic
Institutional Review Boards.

Method of obtaining enriched cell fractions. Female guinea pigs
(200-250 g), strain 2, were obtained from the National Cancer Insti-
tute (Frederick, MD). Enriched populations of guinea pig chief cells
and parietal cells were obtained as described previously (34). In brief,
the mucosa of gastric fundus and antrum was incubated in standard
incubation solution containing 0.1% collagenase for 30 min at 37°C
and gassed with 100% oxygen. Single cells were formed by incubating
with 2 mM EGTA, dispersed by syringe and fractionated on a Percoll
density gradient (d 1.065 g/ml). At least 300 cells were counted and
each cell type was determined as a percentage of the total cell popula-
tion counted. The cell populations obtained have been characterized
previously by Papanicolaou, PAS, and immunofluorescent stain-
ing (34).

In agreement with the previous report (34), the least dense fraction
(density less than 1.040 g/ml) of guinea pig gastric mucosal cells was
enriched with parietal cells, comprising 60-70% of that fraction's cells.
It has previously been shown that this fraction is depleted of chiefcells
(34). The fractions migrating between 1.060 and 1.080 g/ml were
highly enriched with chief cells, containing - 95% chief cells. The
yield of cells in these fractions varied among cell preparations, ranging
from 1.0-1.5 X 107 cells per stomach. Chief cells obtained from six
stomachs and parietal cells from four stomachs were pooled and stored
in guanidinium isothiocyanate buffer at -80°C.

RNA extraction and blotting. Total cellular RNA was prepared
from excised tissues using a phenol extraction method as described
previously (35). Total cellular RNA from enriched cell fractions was
prepared by homogenization in 4 M guanidinium isothiocyanate and
pelleted through a cesium chloride cushion by ultracentrifugation (36).
Polyadenylated (poly A) RNA was isolated with oligo (dT) cellulose
(Collaborative Research Inc., Bedford, MA). RNA was electrophoreti-
cally separated on a formaldehyde/1.2% agarose gel (37) and blotted
onto nitrocellulose as described (38).

The TGFa clone is a human 1.27-kb cDNA encompassing the
entire open reading frame as well as 0.79-kb of flanking 3' untranslated
sequence (2). The TGFa/EGF receptor clone is a human 0.889-kb
cDNA that encompasses the COOH-terminal 198 codons plus 290
base pairs of 3' untranslated cDNA (39). The probes were subcloned
into plasmid SP65 and labeled with [a-32P]UTP as described (40).
Hybridization and posthybridization washes were carried out at 65°C
as previously described (41). A human EGF cDNA probe was kindly
provided by Graeme Bell (42), and an Eco RI insert was labeled by a
random primer extension method (43). Hybridization and posthy-
bridization washes were carried out at 43°C. For all of the Northern
blots, hybridization with a cDNA probe (lB 15) for the constitutively
expressed cyclophilin gene (44) demonstrated that the RNA was intact.

RNA was quantitated by ultraviolet spectroscopy at 260 nM. Relative
loading of lanes and the integrity of RNA was verified by ethidium
bromide-stained ribosomal RNA band intensity where precise quanti-
tation was necessary. Laser densitometry was performed for quantita-
tion of 28S ribosomal RNA on a photographic negative of gels and for
signal intensity on autoradiograms of Northern blots.

Protein extraction for TGFa. Extraction of gastric mucosal TGFa
protein was performed using a modification of a previously described
method (19). One to two grams of previously frozen (-80°C) human
gastric mucosa or carcinoma was homogenized and stirred overnight at
4°C in 4 ml/g of acid-ethanol solution containing 90% ethanol, 0.2 M
HCI, pepstatin (5 Mg/ml), leupeptin (5 gg/ml), and PMSF (0.5 mM).
The homogenate was clarified by centrifugation and the supernatant
stored while the pellet was resuspended and stirred 4 h at 4°C in a
second acid-ethanol solution containing 77% ethanol and 0.2 M HCI,
after which the suspension was centrifuged. Both supernatants were
then combined, extensively dialyzed using Spectrapor 3 dialysis tubing
(3,500 mol wt cut-off) against 0.1 M acetic acid, and lyophilized.
Before the TGFa assay, the extracts were resuspended in a minimal
volume of 0.15 M NaCI-0. 1 M acetic acid, centrifuged, adjusted to pH
7.4 with IM Tris and amounts ofprotein determined by the method of
Bradford (Bio-Rad Laboratories, Richmond, CA) (45). Levels of
human TGFa were determined using a radioimmunoassay kit (Bio-
tope, Seattle, WA). The polyclonal antibody was raised against recom-
binant rat TGFa, which recognizes human TGFa, but does not recog-
nize EGF.

Results

TGFa mRNA was detected by Northern blot analysis of poly
(A) RNA from gastric mucosa of normal adult guinea pig and
dog as well as from histologically normal gastric mucosa from
a patient with a benign gastric ulcer (Fig. 1). TGFa mRNA was
also detected in the gastric mucosa of normal adult rats (data
not shown). In the dog, there was relatively more TGFa
mRNA expression (approximately fourfold) in the antral mu-
cosa than in the fundic mucosa (Fig. 2). Similar results were
obtained from RNA preparations from two separate dogs.
These differences in antral and fundic TGFa expression were
not observed in the human samples. Relative to the other
species, the TGFa transcript was slightly smaller in dog stom-
ach and kidney. The TGFa transcript was not detected in
equivalent amounts of poly (A) RNA obtained from canine
gastric muscle underlying both fundic and antral mucosa.
Four human gastric submucosal samples from two separate
patients were examined for TGFa mRNA expression and a
faint TGFa signal was detected in a single sample and this
detection required a prolonged exposure of the autoradio-

0)
c

28s *-m.

18s -mm

Figure 1. Detection of

0o TGFa expression in
C ° gastric mucosa. North-
,E - ern blot analysis of 5 Ag

O E ofpoly (A) RNA from
a I

0.1 guinea pig, dog, and
human gastric mucosa
with 2 ,ug of poly (A)

_ ::RNA from SW 480
cells as a positive con-
trol for TGFa expres-
sion (41). Hybridiza-
tions were to the 32P-la-
beled TGFa probe as

described in Methods.

1018 R. D. Beauchamp, J. A. Barnard, C. M. McCutchen, J. A. Cherner, and R. J. Coffey, Jr.



K idney
Fundus Antrum
2 8 2 8

Dog
2

28 5 --a

18 s -.w

Human
2

j" ek#~~~~~~~~~~~~~:

Figure 2. Level ofTGFa mRNA expression in dog antral mucosa
compared with fundic mucosa. Micrograms of poly (A) RNA per
lane are indicated above each lane. Hybridization was to the 32P-la-
beled TGFa probe. Dog and human kidney poly (A) RNA was ex-
amined for comparison.

graph. The TGFa transcript was not detectable in the remain-
ing human gastric submucosal samples (data not shown).
Thus, in the species examined, TGFa expression is largely
localized to the epithelial compartment of the stomach.

The blot depicted in Fig. 2 was also probed with a 32P-la-
beled human EGF cDNA probe (Fig. 3). At a 48-h exposure,
the 5.2-kb EGF signal was detected in the dog fundus but not
the antrum. This differential localization of EGF within the
dog gastric mucosa was confirmed in a second dog. The EGF
signals detected at 48 h in the kidney samples were overex-
posed relative to those seen in the fundus and antrum. A
shorter exposure (6 h) showed the EGF transcripts in the dog
and human kidney samples more clearly (Fig. 3). An EGF
transcript has not been detected, even after prolonged expo-
sure, in any gastric mucosal samples from humans, guinea
pigs, or rats (data not shown).

Localization of TGFa and TGFa/EGF receptor mRNA
expression within the gastric mucosa was determined using
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enriched subpopulations of guinea pig gastric mucosal cells
that contained - 95% chief cells, or - 65% parietal cells. Du-
plicate gels with 20 lAg of electrophoretically separated total
cellular RNA from nonenriched, chief cell-enriched and pari-
etal cell-enriched fractions were blotted and hybridizations
were carried out with the probes for TGFa (Fig. 4 A) and
TGFa/EGF receptor (Fig. 4 B). Visual inspection of the ethid-
ium bromide-stained gels under ultraviolet light revealed
near-equal RNA loading, and the intensities of the TGFa and
TGFa/EGF receptor signals were determined by laser densi-
tometry after normalizing to the intensities of the respective
28S ribosomal RNA bands (data not shown). The TGFa signal
was greatest in the parietal cell fraction (5.8-fold increase), but
was also enhanced in the chief cell fraction (1.9-fold increase)
relative to the unfractionated gastric mucosa (Fig. 4 A). The
10-kb TGFa/EGF receptor transcript was observed in all three
samples (Fig. 4 B). As with TGFa expression, the TGFa/EGF
receptor expression was most intense in the parietal cell-
enriched fraction (7.8-fold increase), but was also increased in
the chief cell-enriched fraction (2.7-fold increase) compared to
the unfractionated guinea pig gastric mucosa. TGFa/EGF re-
ceptor mRNA expression was also detected in the gastric mu-
cosa of dogs and man in which cell enrichment was not per-
formed (data not shown).

Samples of gastric mucosa were obtained from ten patients
(Fig. 5, patients 2-1 1). These specimens contained matched
tumor (C) and adjacent uninvolved gastric mucosa (N). The
primary tumor sites were variable from the cardia to the py-
lorus, but the site did not appear to influence the level of
TGFa expression (data not shown). An additional separate
sample (No. 1) was obtained from mucosa adjacent to a benign
gastric ulcer. Information regarding origin of these samples
and histology is provided in Table I. Poly (A) RNA isolated
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Figure 3. EGF mRNA expression in stomach and kidney. The indi-
cated amounts of poly (A) RNA were hybridized with the 32P-labeled
EGF cDNA probe as described in Methods. The left four lanes were
on a single blot which was exposed to x-ray film for 48 h. The right
two lanes are a briefer exposure (6 h) of the kidney samples.
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mRNA expression in
guinea pig gastric mu-
cosal cells. 20 ,ug of
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enriched gastric muco-
sal cells is compared
with that from 95%
enriched chief cell (20
,ug) and 65% enriched
parietal cell fractions
(20 Mg). In A, the blot
was hybridized to the
32P-labeled TGFa
probe; in B, the blot
was hybridized to the
32P-labeled TGFa/EGF
receptor probe. Equal
loading was verified by
observing ethidium bro-
mide-stained ribosomal
RNA bands on the gels.
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Figure 5. TGFa mRNA expression in gastric samples from 10 pa-
tients (2-1 1) with gastric carcinoma and a single patient (1) with be-
nign gastric ulcer. 5 ,ug of poly (A) RNA from the tumor (C) and ad-
jacent uninvolved gastric mucosa (N) was hybridized with the 32P-la-
beled TGFa probe. Within each matched pair ofRNA samples,
equal loading has been verified by ribosomal RNA staining with
ethidium bromide in the gels. 2 Mg of poly (A) RNA from SW 480
cells was used as a positive control for TGFa expression (41).

from all specimens showed TGFa expression. Visual inspec-
tion of an ethidium bromide-stained gel showed near-equal
intensity of ribosomal RNA bands within the paired samples
(data not shown). In four paired samples (Nos. 3, 4, 6, 7), there
was no apparent increase in expression of TGFa mRNA in
tumor compared to adjacent mucosa, but in patients 2, 5, 8, 9,
10, and 11 there appeared to be an increase in TGFa expres-
sion in the tumor relative to the matched mucosa. All of the
four tumor samples in which no increase ofTGFa expression
was seen compared to adjacent mucosa were histologically
poorly differentiated tumors. Five of the six tumor samples
that have increased TGFa expression relative to adjacent mu-
cosa are either well or moderately differentiated on histological
grading. Selected samples (Nos. 3, 6, 7, 9-1 1) were also pro-
cessed for TGFa protein analysis using a radioimmunoassay

kit and these data are presented in Table I. TGFa protein was
detected in all samples and amounts were comparable among
the samples; however, there was not a good correlation be-
tween intensity of TGFa mRNA signal and amounts of pro-
tein detected.

Discussion

TGFa and EGF may function in maintaining gastric mucosal
integrity by promoting cell migration, stimulating cellular pro-
liferation, and suppressing acid production. In support of this,
epithelialization of experimentally induced gastric ulcers
occurs at a rate faster than can be accounted for by mitosis (46)
and rapid migration of gastric epithelial cells to cover the ulcer
has been shown (47-49). TGFa and EGF stimulate a rapid
migration of proliferating keratinocytes in culture which re-
sults in expansion of colony size at a rate faster than can be
accounted for by mitosis (50). Furthermore, EGF promotes
(by up to 100-fold) directed migration of cultured intestinal
epithelial cells (51). In addition to its effects on cell migration,
EGF (and presumably TGFa) stimulate rat oxyntic gland
DNA synthesis (15) and gastric mucosal growth (18, 52). Sup-
pression of gastric acid secretion is another biological effect of
EGF (21, 22, 24). TGFa and EGF are equipotent in suppress-
ing acid secretion from guinea pig gastric mucosa in vitro (28)
and from rats in vivo (29). Our demonstration of expression of
TGFa and its receptor throughout the gastric mucosa invites
speculation that the local production ofTGFa could mediate
these effects and thus participate in the stomach's defense
against mucosal injury by decreasing acid secretion, while si-
multaneously stimulating cell migration and later prolifera-
tion.

The highest level of TGFa expression is localized to the
epithelial compartment of the stomach and very little or none
is detected in the gastric submucosa. Our demonstration of
increased TGFa and TGFa/EGF receptor mRNA expression

Table I.

TGFa protein
Patient Node
no. Age Tumor grade involvement Histology of adjacent mucosa N C

1 45 NA NA Normal
2 83 WD 1/22 Focal intestinal metaplasia,

focal atrophy
3 61 PD 7/15 Unknown 30.8 17.4
4 33 PD 3/17 Focal intestinal metaplasia
5 77 MD 1/5 Unknown
6 73 PD 1/6 Unknown 21.5 45.7
7 70 PD None Gastritis 11.6 7.4
8 59 PD 2/6 Unknown
9 73 MD None Dysplasia 17.4 15.9
10 74 MD 1/64 Atrophic 10.5 14.6
11 58 MD None Normal 22.4 17.9

Human patient samples analyzed for TGFa expression. Patient numbers correspond to the same numbers in Fig. 5. All patients were males.
The smallest tumor was 3.5 X 1.5 cm and the largest was 12 X 8.5 X 6 cm in dimension. Protein content in tumor (C) or adjacent uninvolved
mucosa (N) is included for selected patients. Protein is expressed as nanograms ofTGFa immunoreactive activity per milligram of extracted
protein. Patient 1 had a benign gastric ulcer associated with a gastrocolic fistula. Abbreviations: NA, not applicable; WD, well differentiated;
MD, moderately differentiated; PD, poorly differentiated.
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in parietal cell-enriched fractions from the guinea pig stomach,
together with a preliminary description of specific TGFa/EGF
binding sites on isolated canine parietal cells (53), support
direct regulation of parietal cell acid secretion by TGFa as well
as EGF. Thus, evidence is presented for a new pathway for
modulation of gastric acid secretion, i.e., paracrine and/or au-
tocrine regulation by locally produced TGFa. The finding of
TGFa and TGFa/EGF receptor expression in the chief cell-
enriched fraction is provocative since EGF has been reported
to inhibit pepsinogen secretion in rabbit gastric mucosa (30).

In the dog, TGFa mRNA expression was greater in antral
versus fundic mucosa. This observation was surprising in view
of the high levels of TGFa mRNA expression in guinea pig
parietal cells, which predominate in the fundus. One possible
explanation for this paradoxical finding would be the presence
of increased mRNA expression in cells found preferentially in
the gastric antrum, perhaps the gastrin producing G-cell popu-
lation (54). To assess expression of TGFa in canine G-cells,
Northern blot analysis of a purified population of G-cells and/
or in situ hybridization studies will be required. The increased
expression of TGFa in the dog antrum relative to fundus was
not seen in the human samples. This may be a species differ-
ence, or may be due to the fact that the human samples were
obtained from patients with gastric pathology.

Examination ofthe human samples suggests that there is a
trend toward increased expression ofTGFa mRNA in tumors
compared to adjacent mucosa in those cases in which the
tumors have a histological grade less than poorly differen-
tiated, but the sample size is insufficient to draw firm conclu-
sions. Like its mRNA, TGFa protein was detected in all sam-
ples examined, but there was not a good correlation between
intensity of message and amount of protein. Possible explana-
tions for this discrepancy include a variation in the site of
sampling, transport, and excretion ofTGFa, or posttranscrip-
tional regulation. TGFa species detected in cell extracts from
various sources display heterogeneity in molecular weights,
which may be due to the presence of larger N-glycosylated
forms of TGFa that are released after proteolytic cleavage of
the transmembrane TGFa precursor (55). The antibody used
for the radioimmunoassay may not recognize these larger gly-
cosylated forms and could lead to an underestimation of
TGFa protein levels. What can be concluded with confidence
is that TGFa mRNA and protein are present in human gastric
carcinomas and adjacent noncancerous mucosa, the latter
finding being consistent with results obtained from normal
gastric mucosa of the other mammalian species in the present
study. Clearly, TGFa expression is not restricted to neoplastic
tissue.

Whereas TGFa mRNA expression was detected in gastric
mucosa from all four species studied, weak EGF mRNA ex-
pression was detected in the fundic mucosa of the dog only.
The explanation for this species difference and regional distri-
bution ofEGF expression within the dog gastric mucosa is not
apparent. Previous studies have shown EGF immunoreactiv-
ity in the human gastric mucosa (56). We did not detect EGF
mRNA in human gastric mucosa from surgically resected tis-
sue; however, these samples were adjacent to a tumor or a
benign ulcer and may not be representative of normal healthy
mucosa. The samples from guinea pig, rat, and dog, however,
do represent healthy mammalian gastric mucosa. If there is
little or no EGF mRNA and consequently little or no protein

produced in the gastric mucosa, then what has been detected
in the past by immunological methods (18, 56) may be pro-
duced more proximally in the alimentary tract. For example,
swallowed EGF secreted from the salivary glands may become
bound to gastric mucosal cell receptors, internalized, and thus
detected as immunoreactivity.

The present study demonstrates expression of TGFa and
its receptor throughout the gastric mucosa in four mammalian
species, including man. These observations, when coupled to
described actions of EGF and TGFa, implicate locally pro-
duced TGFa in regulation of gastric acid secretion and in cell
renewal after injury to the gastnrc mucosa.
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