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Gastrin is a peptide hormone involved in the growth of both normal and malignant gastrointestinal tissue. Recent studies
suggest that the glycine-extended biosynthetic intermediates mediate many of these trophic effects, but the in vivo
relevance of glycine-extended gastrin (G-Gly) has not been tested. We have generated mice (MTI/G-GLY) that
overexpress progastrin truncated at glycine-72 to evaluate the trophic effects of G-Gly in an in vivo model. MTI/G-GLY
mice have elevated serum and colonic mucosal levels of G-Gly compared with wild-type mice. MTI/G-GLY mice had a
43% increase in colonic mucosal thickness and a 41% increase in the percentage of goblet cells per crypt. MTI/G-GLY
mice exhibited increased colonic proliferation compared with wild-type controls, with an expansion of the proliferative
zone into the upper third of the colonic crypts. Continuous infusion of G-Gly into gastrin-deficient mice for two weeks also
resulted in elevated G-Gly levels, a 10% increase in colonic mucosal thickness, and an 81% increase in colonic
proliferation when compared with gastrin-deficient mice that received saline alone. To our knowledge, these studies
demonstrate for the first time that G-Gly’s contribute to colonic mucosal proliferation in vivo.
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Introduction 
Gastrin is a peptide hormone that is important in the
regulation of acid secretion and growth of both normal
and malignant gastrointestinal tissue (1). The role of
amidated gastrin (e.g., G-17) as a trophic factor for the
oxyntic mucosa of the stomach was shown in studies by
Johnson and others in the early 1970s (2–4). Recent stud-
ies in transgenic mice have confirmed that the overex-
pression of amidated gastrin results in increased prolif-
eration and hypertrophy of the gastric mucosa (5). Mice
made gastrin-deficient by targeted gene disruption
exhibit gastric mucosal atrophy and a loss of parietal
cells, although basal proliferation rates are unchanged,
suggesting that gastrin may affect cell lineage decisions
by the gastric stem cell (6).

The role of the incompletely processed forms of gastrin
is less clear. Gastrin is initially synthesized as the pro-
hormone preprogastrin, which is then cleaved by a sig-
nal peptidase to form progastrin. Progastrin is then
processed in the secretory vesicles of neuroendocrine
cells through cleavage by trypsin-like endopeptidases
and carboxypeptidase E to form the glycine-extended
processing intermediate G-34-GLY. G-34-GLY is then
processed to form either G-17-GLY or G-34, with G-34
being further processed to form G-17 (7, 8). It was wide-
ly believed that the nonamidated gastrins, which
account for 5% of all secreted gastrin peptides in humans
(9), had no biologic activity until G-34-GLY underwent
alpha amidation to form amidated gastrin, as this is the
only form of gastrin that can bind to the CCK-B/gastrin

receptor. However, recent studies suggest that the less-
processed forms of gastrin have growth factor properties
in their own right. Progastrin and glycine-extended gas-
trin (G-Gly) are the predominant forms of gastrin found
in many tumors, including colon (10–12), lung (13),
ovarian (14), and neuroendocrine (9). G-17-GLY  (15, 16)
and progastrin (17) have been shown to stimulate the
growth of several cancer cell lines as well as nontrans-
formed colon cells (18). Traditional CCK-B/gastrin
antagonists cannot block this growth response, and G-
Gly appears to use a different signaling pathway com-
pared with amidated gastrin (19), suggesting the exis-
tence of a novel gastrin receptor. Three candidate
receptors for these incompletely processed forms of gas-
trin have been identified (15–17), but at present, the pre-
cise identity of the receptor for the incompletely
processed gastrins remains unclear.

That the less-processed forms of gastrin may have
growth factor properties suggests a possible role in the
growth and development of the normal colon. The gas-
trin gene is expressed in the rat fetal colon with a rapid
decline at birth, followed by a gradual reappearance of
gastrin mRNA levels by 21 days (20). The adult rat colon
expresses both progastrin and G-Gly (20). Elevated cir-
culating levels of human progastrin in transgenic mice
result in increased colonic proliferation as measured by
5-bromo-2′-deoxyuridine (BrdU) uptake (5). Conversely,
gastrin-deficient mice generated in our laboratory have
been shown to have a lower rate of colonic proliferation
(6). Because the normal colon does not express the CCK-
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B/gastrin receptor (21), these findings support the
notion that the decreased rate of proliferation seen in
gastrin-deficient mice is due to the absence of the incom-
pletely processed forms of gastrin.

Recent studies have raised the possibility that G-Gly
plays an important role in regulating the growth of the
colonic mucosa. Stable transfection of a nontrans-
formed colon cell line (YAMC) with a gastrin construct
resulted in increased intracellular and extracellular lev-
els of G-Gly and an increased proliferation rate (18). To
our knowledge, there have been no in vivo studies per-
formed to assess the role of G-Gly in regulating the
growth of the colon.

The trophic effects of the less-processed forms of gas-
trin may also be important in the biology of colon can-
cer. It has been shown that the vast majority of human
colon cancers express the less-processed forms of gastrin
(12, 22). In vitro studies have shown that the growth of
colon cancer cell lines can be inhibited by transfection
with gastrin antisense cDNA constructs (23). The non-
specific gastrin inhibitors proglumide and benzotript,
which appear to bind the 78-kDa potential receptor for
the incompletely processed forms of gastrin (24), can
inhibit the growth of colon cancer cell lines (25) as well
as transplanted colon carcinomas (26). Patients with
Zollinger-Ellison syndrome, which results in elevated lev-
els of circulating amidated gastrin, G-Gly, and progas-
trin, also have increased colonic proliferation rates and
a shift in the proliferative zone into the upper third of
the crypt (27, 28). Increased colonic proliferation and the
expansion of the proliferative zone into the upper third
of the crypt have been associated with an increased risk
of developing colon cancer in humans (29, 30).

We have generated mice (MTI/G-GLY) that overexpress
a form of G-Gly, resulting in elevated levels of G-Gly in
both the serum and in the colon. To our knowledge,
these transgenic mice provide the first in vivo model for
testing the growth factor properties of G-Gly, the form
of gastrin most used in experiments showing the troph-
ic effects of incompletely processed forms of gastrin.

Methods
Plasmid construction. The human gastrin cDNA was altered by
PCR mutagenesis by placing two stop codons after glycine-72
(Gly-72) using the PCR primers 5′-TAGATCTCAGACGAGAT-
GCAGCG ACTATGT and 5′-TAGATCTATTAGCCGAAGTC-
CATCCATCCATCCATA. These PCR primers also contain BglII

restriction sites for cloning into the metallothionein promoter
construct. The resulting mutated gastrin gene was then cloned
into the BglII site of EV 142 (kind gift of R.D. Palmiter, Univer-
sity of Washington, Seattle, Washington, USA) (31), down-
stream of the mouse metallothionein promoter and upstream
of the human growth hormone poly(A) tail (Figure 1).

Injection fragments and microinjection techniques. DNA fragments
were prepared for microinjection by restriction digest with
EcoRI, gel electroelution, cesium chloride density gradient cen-
trifugation, and dialysis with injection buffer, as previously
described (32). Microinjections into the male pronucleus of fer-
tilized eggs from FVB inbred (Taconic Farms Inc., German-
town, New York, USA) matings were performed as previously
described (32). The resulting pups were tested at three weeks of
age for the presence of the transgene by Southern blot analysis
using a human gastrin exon 2 probe generated by the
Megaprime DNA Labeling System (Amersham Life Sciences
Inc., Arlington Heights, Illinois, USA).

Northern blot analysis. RNA was prepared from homogenized tis-
sue extracts from seven- to eight-week-old mice using the Trizol
method (GIBCO BRL, Gaithersburg, Maryland, USA). RNA blots
were performed by standard techniques using 10 mg of RNA per
well. Blots were hybridized with a [α-32P]dCTP–labeled human
gastrin exon 2 random-primed probe or a GAPDH random-
primed probe made with the Megaprime labeling kit.

RT-PCR analysis. RT-PCR was performed using the GeneAmp
RNA PCR kit (Perkin-Elmer Corp., Norwalk, Connecticut, USA)
on a GeneAmp PCR System 9700 (Perkin-Elmer Corp.). RNA was
obtained as a template by the Trizol method as already described,
and then RT-PCR was performed using the primer pair 5′-
CTGAAGCTTCTTGGAAGCCC and 5′-CAGGGGACAGGGCT-
GAAGTG (GAS). The antisense primer is complementary to the 3′
gastrin sequences that are absent from the transgene, so a PCR
product will not be generated if only the transgene cDNA is pres-
ent. To detect RNA transcripts from the MTI/G-GLY transgene,
another primer pair, 5′- CTGAAGCTTCTTGGAAGCCC and 5′-
CTGCTTCTTGGACGGGTCT (GLY), was used. Here, the down-
stream primer is proximal to the MTI/G-GLY stop codon and will
generate an RT-PCR product (173 bp) when either the full-length
gastrin transcript or the MTI/G-GLY transcript is used as a tem-
plate. The reverse transcription was performed as one cycle of 42°C
for 15 min, 99°C for five minutes, and 5°C for five minutes. The
resulting cDNA was amplified with an initial denaturation at 95°C
for 105 s, followed by 35 cycles of 95°C for 15 s, 60°C for 30 s, and
a final extension step at 72°C for seven minutes.

BrdU immunohistochemistry. Six 7- to 8-week-old MTI/G-GLY
mice (three each from two different lines) and six FVB control
mice were injected with BrdU (50 mg/kg intraperitoneally) and
were killed one hour later. Tissue samples were placed in a cas-
sette, immersed in Carnoy’s fixative overnight, and embedded
in paraffin wax. Immunohistochemical detection of the BrdU
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Figure 1
Map of the MTI/G-GLY transgene.
The MTI/G-GLY transgene was gener-
ated by PCR mutagenesis of the
human gastrin cDNA by placing a
stop codon after Gly-72. It was then
inserted into the BglII site of EV142, a
plasmid containing the mouse metal-
lothionein promoter and the human
growth hormone poly(A) tail (31).
Mice expressing the MTI/G-GLY trans-
gene have elevated levels of G-Gly in
the serum and in many organs,
including the colon and the lung.



incorporation was performed using the avidin-biotin mono-
clonal antibody technique as described previously (5).

Ten well-oriented oxyntic glands or colonic crypts were
counted per slide. Of the 10 colonic crypts, four were obtained
from the rectum, three from the descending colon, and three
from the ascending colon. The BrdU labeling index was calcu-
lated by counting the number of BrdU-positive cells per
gland/crypt and expressing the result as a percentage of the
total number of cells per gland/crypt.

Calculation of glandular/colonic height. Slides were stained with
hematoxylin and eosin (H&E). Ten gastric glands or colonic
crypts whose lumens could be seen throughout their entire length
were counted per section and measured with an FW10X microm-
eter eyepiece (Olympus Optical Co., Tokyo, Japan) along its per-
pendicular axis, as described previously (6).

Extraction and assay for gastrin peptides. Tissue samples (100 mg)
were boiled in 1 ml water for 15 min, homogenized, and cen-
trifuged (5,000 g, 15 min). The supernatant was recovered and
frozen. Serum was obtained by tail bleeding for assay of circulat-
ing gastrin (8). Gastrin concentrations were determined by
radioimmunoassay using antibodies to the COOH-terminus of
G-Gly and amidated gastrin (antibodies 109-21 and L2, respec-
tively) (8). Further characterization of the G-Gly was performed
by immunoprecipitation (8) of serum using antibodies specific
for the NH2-terminus of human G-17 (1295), G-34 (L66), and
progastrin (L482), and radioimmunoassay of the supernatant
using antibodies to COOH-terminal G-Gly (109-21) (33, 34). The
antibody to the NH2-terminus of human progastrin was raised
in a rabbit immunized with the peptide SWKPRSQQPYC cou-
pled to maleimide-activated keyhole limpet hemocyanin as
described previously (8).

Infusion of gastrin into gastrin-deficient mice. Gastrin-deficient
mice were generated by targeted homologous recombination as
described previously (6). Eighteen 3-month-old gastrin-deficient
mice were implanted with 2-week Alzet osmotic pumps (Alza
Corp., Palo Alto, California, USA) containing either saline, G-17
(10 nmol/kg/h), or G-17-GLY (10 nmol/kg/h). Serum samples
were obtained by tail bleeding at seven days. Thirteen days after
pump implantation, the mice were fasted, with free access to
water. The next day, they were injected with BrdU (50 mg/kg)
and sacrificed one hour later. The tissue samples were fixed in
Carnoy’s solution and embedded in paraffin; routine H&E and
BrdU staining were performed as already described.

Data analysis. Statistical analysis was determined by the two-
tailed Student’s t test, with P < 0.05 used as a measure of statis-
tical significance. All results are expressed as mean ± SD.

Results
MTI/G-GLY transgenic mice express glycine-extended progas-
trin. To demonstrate that the MTI/G-GLY construct
would express the expected mRNA product, transient
transfection studies with the MTI/G-GLY construct were
performed in the HuH7 cell line. Northern blot analysis
confirmed that HuH7-transfected cells were able to tran-
scribe the MTI/G-GLY gene product (Figure 2a).

Five founder lines were generated that incorporated
the MTI/G-GLY transgene into the germ line as detect-
ed by Southern blot analysis using a probe to human
gastrin exon 2. The MTI/G-GLY transgene was expressed
in the mouse kidney, liver, colon, stomach, liver, and
pancreas, as detected by Northern blot analysis using the
same probe to human gastrin exon 2 (Figure 2a). Expres-
sion of the MTI/G-GLY gene was further confirmed by
radioimmunoassay of peptide extracts using an antibody
to the COOH-terminus of G-Gly. MTI/G-GLY mice had
serum G-Gly concentrations of 85.0 ± 28.0 pM and
serum amidated gastrin concentrations of 47.5 ± 22.6
pM. Immunodepletion of serum using antibodies spe-
cific for the NH2-terminus of human G-17, G-34, or pro-
gastrin revealed that the major circulating form of G-Gly
is G-34-GLY. In wild-type mice, G-Gly’s were unde-
tectable in plasma (<30 pM), and amidated gastrin con-
centrations were comparable to those found in MTI/G-
GLY mice (55.8 ± 6.5 pM). The data therefore suggest
that the MTI/G-GLY mice have elevated serum G-Gly
levels (G-34-GLY) and normal amidated gastrin levels
and do not support the idea that G-Gly might be con-
verted to amidated gastrin in the MTI/G-GLY mice.

G-Gly concentrations in the colon of MTI/G-GLY mice
were 11.7 ± 1.23 pmol/g compared with <2 pmol/g in
wild-type mice. Amidated gastrin was not detectable in
the colons of either the MTI/G-GLY or wild-type mice.
Assays using antibodies specific for the NH2-terminus of
human G17 and G34 revealed concentrations of
immunoreactive material in the colon of MTI/G-GLY
mice that were 10% or less those of G-Gly and were close
to the limit of detection (1 pmol/g). The data suggest
that approximately 90% of tissue G-Gly was not cleaved
at Arg 57/58 or Lys 74/75, which is compatible with the
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Figure 2
MTI/G-GLY transgenic mice express human G-Gly. (a) Northern blot analysis using a human gastrin cDNA probe reveals that human gastrin is being
transcribed in the MTI/G-GLY mouse colon (C), kidney (K), liver (Li), stomach (S), lung (Lu), and pancreas (P). MTI/G-GLY is also transcribed in a
transfected cell line (T1). RNA from hGAS kidney (–) is used as a negative control, and liver RNA from hGAS transgenic mice (+) is used as a positive
control. (b) GAPDH controls from same blot. (c) RT-PCR reaction was performed using antisense primers (GLY) that are proximal to Gly-72, result-
ing in a 173-bp PCR product (open arrow), or primers (GAS) that are distal to Gly-72, resulting in a 322-bp PCR product (filled arrow). The colons
of MTI/G-GLY mice produce the MTI/G-GLY transgene transcript but not the full-length gastrin transcript. The stomachs of MTI/G-GLY mice pro-
duce both transcripts. Liver RNA from hGAS mice (which overexpress human progastrin in the liver) was used as a control.



idea that cleavage of the peptide to yield circulating G-
34-GLY occurs just before secretion.

To show further that the MTI/G-GLY gene product
terminated after the Gly-72 residue, RT-PCR analysis
was performed using RNA obtained from tissue extracts
from either MTI/G-GLY mice or wild-type mice. Figure
2b shows that in the colons of MTI/G-GLY mice, only
truncated gastrin transcripts are present, consistent with
the transcription of the MTI/G-GLY transgene. In the
stomach of MTI/G-GLY mice, both the truncated and
full-length gastrin transcripts are present, with the latter
likely representing endogenous gastrin production.

MTI/G-GLY have goblet cell hyperplasia compared with wild-
type mice. Routine histologic examination of the colon of
three-month-old MTI/G-GLY mice from two different
lines revealed a statistically significant increase in
mucosal thickness (0.995 ± 0.033 mm) when compared
with wild-type FVB mice of the same age (0.694 ± 0.054

mm; P < 0.05). There also appeared to be an increase in
mucin-containing goblet cells in the colon (Figure 3, a
and b). To evaluate this further, slides were stained with
Alcian blue (Figure 3, c and d). The MTI/G-GLY mice
had a significantly higher percentage of goblet cells per
crypt (20.4 ± 3.3 vs. 14.5 ± 0.8; P < 0.01) than did their
wild-type controls.

Histologic analysis of the stomachs of MTI/G-GLY
mice revealed no obvious differences when compared
with wild-type mice. There was no difference in the
thickness of the fundic mucosa in the MTI/G-GLY mice
compared with wild-type. There were also no apparent
differences seen in the kidney, liver, lung, and pancreas
of MTI/G-GLY mice compared with wild-type mice at
three months of age.

MTI/G-GLY–expressing mice have increased proliferation in
the colon. Given the increased number of goblet cells seen
and prior evidence that less-processed forms of gastrin
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Figure 3
MTI/G-GLY mice have increased numbers of goblet cells in the colon. Three-month-old mice were sacrificed. On routine histology, the MTI/G-GLY
mice (a) appear to have an increased number of goblet cells compared with wild-type mice (b). This result was confirmed by Alcian blue staining,
which revealed an increased number of goblet cells in the MTI/G-GLY mice (c) compared with wild-type control (d).



can have trophic effects on the colon (5), we measured
colonic proliferation using BrdU incorporation. Six
MTI/G-GLY mice (three each from two separate lines)
and six wild-type control mice were allowed to feed ad
libitum and then were sacrificed at seven to eight weeks
of age. They were given an intraperitoneal injection of
BrdU one hour before sacrifice. The colon of the MTI/G-
GLY transgenic mice had a statistically higher prolifera-
tive index (9.03 ± 1.13) than did wild-type controls (4.14
± 1.01; P < 0.01) (Table 1). In conjunction with these find-
ings, the proliferative zone of the MTI/G-GLY mice
extended beyond the base of the colonic crypts into the
upper third of the colonic crypt when compared with
wild-type mice (Figure 4, a and b).

In contrast, there was no difference seen in the labeling
index of the stomachs of MTI/G-GLY transgenic mice
(3.17 ± 0.29) compared with wild-type mice (3.27 ± 0.61).
There was also no apparent change in the size or location
of the proliferative zone in the gastric glands (Figure 4, c
and d). This is similar to the findings seen in transgenic
mice that have elevated serum progastrin levels.

MTI/G-GLY mice do not develop tumors of the gastrointesti-
nal tract at one year. Given the increased colonic prolifera-
tion, 10 MTI/G-GLY mice and five wild-type mice were
sacrificed at one year of age and examined for possible
tumor development. The colons of the MTI/G-GLY mice
continued to show goblet cell hyperplasia, but no
tumors were detectable by gross inspection or by histo-
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Figure 4
MTI/G-GLY mice have increased colonic proliferation with no change in gastric proliferation. Three-month-old mice were injected with BrdU (50 mg/kg
intraperitoneally) one hour before sacrifice. There is increased BrdU labeling in the MTI/G-GLY mice (a), with a migration of the proliferative zone from
the base of the crypts, when compared with age-controlled wild-type mice (b). There was no difference in the BrdU labeling index in the stomachs of MTI/G-
GLY mice (c) compared with wild-type mice (d).



logic evaluation. One rectal sarcoma was found in the
MTI/G-GLY mice. No gross or histologic abnormalities
were seen in the stomach, liver, or pancreas.

Three of 10 MTI/G-GLY mice were found to have lung
bronchoalveolar carcinomas, whereas none of the control
mice had evidence of lung tumors. It has been reported
that human bronchogenic carcinomas express progastrin
and, to a lesser extent, glycine-extended and amidated gas-
trin (13). However, it has also been reported that the FVB
strain of mice used in generating the MTI/G-GLY trans-
genic mice develop bronchoalveolar carcinoma at an inci-
dence of 20% at 14 months (35). There were insufficient
numbers of mice in this study to determine whether over-
expression of G-Gly increased the risk of developing bron-
choalveolar carcinoma in FVB mice.

Infusion of G-Gly into gastrin-deficient mice results in
increased colonic proliferation with colonic mucosal hypertro-
phy. We have previously shown that gastrin-deficient
mice have decreased basal colonic proliferation. To see
whether G-Gly can correct the proliferation defect seen
in gastrin-deficient mice, Alzet pumps were implanted
into gastrin-deficient mice to deliver G-17-GLY, G-17, or
saline as a constant infusion. Serum samples taken one
week after initiation of G-Gly infusion revealed elevated
serum levels of G-17-GLY (638 pM) with undetectable
levels of G-17. Mice receiving amidated gastrin had sim-
ilar levels of G-17 (685 pM) and undetectable levels of G-
17-GLY. Gastrin-deficient mice receiving saline had
undetectable levels of either form of gastrin. The gastrin-
deficient mice that received G-Gly by continuous infu-
sion over two weeks demonstrated increased colonic pro-
liferation by BrdU staining (Figure 5a) compared with
gastrin-deficient mice that received saline (3.86 ± 0.57 vs.
2.14 ± 0.21; P < 0.01). There was no difference seen in the
BrdU labeling index in the colon of gastrin-deficient
mice that received amidated gastrin (2.17 ± 0.44) com-
pared with those receiving saline, despite the fact that
there was a significant increase in fundic proliferation in
the stomachs of mice receiving amidated gastrin (4.11 ±
0.54) compared with those receiving saline (2.79 ± 0.41;
P < 0.05) or G-Gly (2.89 ± 0.46; P < 0.05). Wild-type mice
had a basal colonic proliferative rate of 3.75 ± 0.05. On
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Figure 5
Infusion of G-Gly into gastrin-deficient mice
results in increased colonic proliferation. (a)
Infusion of G-Gly results in a significant
increase in the BrdU labeling index in gastrin-
deficient mice when compared with infusion
of saline or amidated G-17. (b) Mice receiv-
ing G-Gly have hypertrophied colonic crypts
when compared with those receiving saline (c).

Table 1
Effect of MTI/G-GLY transgene on proliferation of the colon and the
stomach

MTI/G-GLY Wild-type

Stomach (LI%) 3.17 ± 0.29 3.27 ± 0.61
Colon (LI%) 9.03 ± 1.13A 4.14 ± 1.01

Three-month-old mice were injected with BrdU (50 mg/kg intraperitoneally) one
hour before sacrifice. The BrdU labeling index was determined by counting the num-
ber of BrdU-stained cells compared with the number of cells per gland in the stom-
ach and per crypt in the colon. AP < 0.05 vs. wild-type.



routine histology (Figure 5, b and c), the colonic mucosa
of the gastrin-deficient mice that received G-Gly was sig-
nificantly thicker (0.617 ± 0.017 mm) than those that
received saline alone (0.562 ± 0.023 mm; P < 0.05).

Discussion
To our knowledge, this is the first study to express a
glycine-extended form of gastrin in a mouse model. The
MTI/G-GLY transgenic mice express the G-Gly trans-
gene throughout the gastrointestinal tract, including the
colon. This results in elevated concentrations of G-Gly
in the serum and the colonic mucosa compared with
those normally found in previous studies (20) (normal
levels in rodents are 0.1–0.5 pmol/g and were below the
limits of detection of our assays in this study).

Overexpression of G-Gly resulted in an increase in the
proliferative index in the colon, with an expansion of the
proliferative zone away from the base of the crypts. The
proliferative effect was 218% greater than that seen in
wild-type mice, resulting in an increase in the thickness
of the colonic mucosa along with colonic goblet cell
hyperplasia of MTI/G-GLY mice when compared with
wild-type mice. Goblet cell hyperplasia has been report-
ed in other rodent models in which colonic proliferation
has been induced (36, 37).

There was a trend toward increased colonic prolifera-
tion seen in MTI/G-GLY when compared with mice that
have markedly elevated serum levels of human progas-
trin (20 nM) but normal levels in the colon (9.03 ± 1.13
vs. 7.46 ± 1.91 LI%; P = 0.10). This may reflect a receptor
preference for G-Gly over progastrin. Alternatively, this
may reflect the importance of local synthesis and release
of G-Gly in the colonic mucosa through a paracrine or
an autocrine effect.

The major form of G-Gly found in the serum of MTI/G-
GLY mice was G-34-GLY. G-34-GLY is the major process-
ing intermediate of progastrin; G-34-GLY in turn is
processed into either G-34 (which is the precursor for G-
17) or G-17-GLY (8). To our knowledge, this is the first
study to demonstrate a biologic effect of G-34-GLY. All
previous studies looking at the biologic activity of G-Gly
have used either exogenous G-17-GLY or assayed for the
presence of COOH-terminal immunoreactivity. In our
study, both overexpression of G-34-GLY in transgenic mice
and infusion of G-17-GLY led to increased colonic prolif-
eration. In addition, infusion of G-17, which has an iden-
tical NH2-terminus as G-17-GLY, had no effect on colonic
proliferation in doses sufficient to stimulate fundic prolif-
eration in the stomach. Taken together, these results sug-
gest that it is the COOH-terminus of G-Gly that is impor-
tant for the trophic effects seen in the colon. This would be
similar to what is seen with the amidated gastrins G-34 and
G-17, which also have equal biologic activity though their
interaction with the CCK-B receptor (1).

The increased colonic proliferation seen in gastrin-defi-
cient mice infused with G-17-GLY suggests that the actions
of G-Gly can be mediated by an extracellular mechanism.
Three candidate receptors (non–CCK-B) for G-Gly have
been reported: a 78-kDa protein identified from porcine
gastric mucosal membranes (17), a 45-kDa protein identi-
fied from Swiss 3T3 fibroblasts (16), and a protein identi-
fied from the pancreatic cell line AR4-2J (15). Because of

the difficulty in synthesizing full-length progastrin, pro-
gastrin binding studies with the aforementioned candidate
receptors have not been performed.

The MTI/G-GLY mice exhibited not only an increased
rate of colonic proliferation but also an expansion of the
proliferative zone into the upper third of the crypts. The
presence of an increased rate of proliferation and a shift
of the proliferative zone have both been shown to occur
with increased frequency in patients at increased risk of
developing colon cancer (38, 39). Subsequent studies
have shown that these two findings correlate strongly
with an increased risk of developing colon cancer (29,
30). Despite the increased proliferation seen in MTI/G-
GLY mice, there were no colonic tumors seen in the
MTI/G-GLY mice over one year of follow-up. This sug-
gests that glycine-extended progastrin overexpression is
not sufficient to cause colon cancer in mice; a first “hit”
is needed to initiate tumor formation. The MTI/G-GLY
mice may provide a useful reagent in studying the effects
of glycine-extended progastrin on previously established
models of colon cancer, such as the Apcmin– mice and the
methylazoxymethane-induced colon cancer model.

To our knowledge, this article provides the first in vivo
evidence that G-Gly can exert a trophic effect on the mouse
colon, resulting in a marked colonic mucosal hypertrophy
with goblet cell hyperplasia. This was seen in both the
MTI/G-GLY mice, which overexpress G-Gly in both the
serum and in the colon, as well as in gastrin-deficient mice
that were infused with G-Gly. This result supports the
notion of a novel gastrin receptor that recognizes nonami-
dated forms of gastrin. The marked increase in the colonic
mucosal proliferation rate with an expansion of the pro-
liferative zone into the upper third of the colonic crypt also
suggests that elevated levels of G-Gly may increase the risk
for developing colorectal cancer.
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