
Introduction
Inactivation of the adenomatosis polyposis coli (APC)
tumor suppressor gene is an early event in the develop-
ment of colon cancer, occurring in up to 80% of adeno-
matous polyps (1). It is also responsible for familial ade-
nomatous polyposis, a genetic disorder leading to
hundreds of adenomatous polyps in both the small and
large intestine that results in colon cancer in all affect-
ed individuals by the age of 40 (2). It has been shown
that a major function of APC is to downregulate cytoso-
lic levels of β-catenin, preventing formation of β-
catenin/T-cell factor-4 (TCF-4) complexes (3, 4). The β-
catenin/TCF-4 complex is transported into the nucleus
where it acts as a transcription factor (5–6). TCF-4–defi-
cient mice have no proliferating cells in their intestinal
crypts (7), suggesting that the β-catenin/TCF-4 complex
is an important regulator of intestinal proliferation.

Several downstream targets for β-catenin/TCF-4 have
been identified. C-myc, an oncogene which is over-
expressed in adenomatous polyps as well as in colon
cancer, has been shown to be upregulated by the β-
catenin/TCF-4 transcription factor by its binding to
TCF-4–binding elements (CCTTTGATT and GCTTGATC)
on the c-myc promoter (8). Similar results were obtained
for cyclin D1 (9), which, like c-myc, is important in cell-
cycle regulation and is upregulated during colon cancer

progression, and PPARδ, a nuclear receptor thought to
play a role in colonic maturation/differentiation that is
upregulated in cancers and downregulated by nons-
teroidal anti-inflammatory drugs (10). Whereas these
downstream targets of β-catenin/TCF-4 are likely to be
important in the pathogenesis of colon cancer, the pre-
cise functional significance of these targets has not been
directly examined using genetic approaches.

Gastrin is a gastrointestinal hormone and growth fac-
tor, and, like c-myc and cyclin D1, is upregulated in ade-
nomatous polyps (11) and in colon cancer (12, 13). It
has been shown previously that the incompletely
processed products of gastrin gene expression (progas-
trin and glycine-extended gastrin) that predominate in
the normal fetal and adult colon (14), as well as in colon
cancer (12, 13), are capable of inducing colonic prolif-
eration when overexpressed in transgenic mice (15, 16).
A colon-specific growth factor role has been confirmed
in gastrin-deficient mice, which show a decrease in
colonic proliferation that can be corrected through
infusion of glycine-extended gastrin (17). Our analysis
of the 1.3-kb human gastrin-promoter sequence has
revealed several potential TCF-4 consensus binding sites
(Figure 1a). We therefore hypothesize that gastrin also
may be a biologically active downstream target of the β-
catenin/TCF-4 signaling pathway.
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Methods
Northern blot studies. HT-29-APC and HT-29-GAL cell
lines were used in this experiment (a kind gift of Ken-
neth Kinzler, Johns Hopkins Oncology Center, Balti-
more, Maryland, USA). Cell culture and zinc induction
(120 µM ZnCl2) was performed as described previous-
ly (18). Total RNA was isolated with TRIZOL (Life
Technologies Inc., Gaithersburg, Maryland, USA).
Twenty micrograms of RNA was loaded per lane. The
blot was probed with a human gastrin exon 2 ribo-
probe (16) and, after the blot was stripped, with a probe
to GAPDH. The Northern blots were then scanned by
an Arcus II scanner (AGFA, Lerverkusen, Germany),
and densitometry was performed using the NIH Image
1.62 program (NIH, Bethesda, Maryland, USA) on blots
representing four independent experiments.

Cell-transfection studies. Exponentially growing HeLa
cells were cultured in DMEM with 10% FBS and were
transfected with Lipofectamine (Life Technologies Inc.)
using 0.4 µg gastrin promoter-luciferase reporter con-
struct (a kind gift of Daniel Chung, Massachusetts
General Hospital; see ref. 19), and 0.4 µg constitutively
active β-catenin (a kind gift of Eric Fearon, University
of Michigan Medical Center, Ann Arbor, Michigan,
USA; see ref. 20) plus or minus 0.4 µg dominant-nega-
tive TCF-4 (a kind gift of Kenneth Kinzler; see ref. 18)
per well of a six-well plate. Transfection efficiency was
controlled by cotransfection with 0.2 µg of a β-galac-
tosidase expression construct. Cells were harvested 24
hours after transfection and luciferase assays were per-
formed as described previously (19).

Generation of MTI/G-Gly APCmin–/+ mice. MTI/G-Gly
mice, which overexpress glycine-extended gastrin, were
generated as described previously in the FVB mouse
background (16). The MTI/G-Gly and control FVB
mice were crossed to the C57BL/6 APCmin–/+ mice and
the resulting pups were screened for the MTI/G-Gly
transgene and the min mutation (21) as described pre-
viously. Twenty MTI/G-Gly APCmin–/+ mice and 20 con-
trol APCmin–/+ mice were used in this study.

Generation of gastrin-deficient APCmin–/+ mice. Gastrin-
deficient mice were generated in the C57BL/6 × SV129
background as described previously (17). They were
mated to C57BL/6 APCmin–/+ mice (The Jackson Labs,
Bar Harbor, Maine, USA) and the resulting pups were
screened for heterozygosity for the min mutation (21)
and for the gastrin-null gene (17) as described previ-
ously. The resulting heterozygotes were then mated to
gastrin-deficient mice, and those that were gastrin defi-
cient and heterozygous for the min mutation were used
for analysis. As controls, the first generation mice that
were heterozygous for both the min mutation and the
gastrin-null gene were mated to wild-type C57BL/6 ×
SV129 mice, and those mice that were heterozygous for
the min mutation and homozygous for the wild-type
gastrin allele were used as controls. Fifteen gastrin-defi-
cient APCmin–/+ mice and 15 control APCmin–/+ mice were
used for polyp analysis, and fifteen additional mice
from each group were used for survival analysis.

Polyp-number determination. Fifteen gastrin-deficient
APCmin–/+ mice, 15 control C57BL/6 APCmin–/+ mice, 20
MTI/G-Gly APCmin–/+ mice, and 20 control FVB
APCmin–/+ mice were sacrificed at 6 months. The mice
were weighed, serum was obtained, and the small and
large intestine were isolated. They were then placed into
a Petri dish containing PBS, and examined with a Zeiss
Stemi 1000 dissecting microscope (Carl Zeiss Inc., Jena,
Germany) to determine polyp number and size. Only
polyps that were 1 mm or larger were counted. Three
large polyps (> 3 mm) were obtained from each mouse
for DNA analysis. The intestinal tissue was then placed
in Carnoy’s fixative overnight and embedded in paraf-
fin wax for histological analysis.

Incorporation of 5-bromo-2′-deoxyuridine. One hour before
sacrifice, 15 gastrin-deficient and control APCmin–/+ mice
were injected with 5-bromo-2′-deoxyuridine (BrdU; 50
mg/kg intraperitoneally). The intestines were excised
and fixed in Carnoy’s fixative overnight. Immunohisto-
chemical staining was performed with BrdU antibody
(DAKO, Glostrup, Denmark) as described previously
(16). Up to three 1–2 mm, 2–3 mm, and greater than 3-
mm polyps were analyzed for each mouse. The labeling
index was defined as the number of positively stained
cells divided by the total number of cells in each polyp.

Detection of k-ras mutations. Polyps greater than 3 mm
were microdissected away from the normal colonic
epithelium using a Zeiss Stemi 1000 dissecting micro-
scope (Carl Zeiss Inc.) and digested in a solution con-
taining 50 mM Tris, pH 8.0, 0.5% Triton X-100, and pro-
teinase K (1 mg/mL) overnight at 55°C, and then boiled
for 10 minutes to inactivate the proteinase K. PCR analy-
sis was then performed as described previously (22).

Statistical analysis. The results were expressed as means
plus or minus SEM. ANOVA test for random differ-
ences, Student’s t test, and log-rank tests were applied.
P < 0.05 was considered statistically significant.

Results
Gastrin is a downstream target of the β-catenin/TCF-4 signal-
ing pathway. To determine if gastrin was a potential
downstream target of β-catenin, the zinc-inducible
colon cancer cell lines HT-29-APC and HT-29-GAL
were used to test this hypothesis. This cell line contains
inactive endogenous APC alleles and has been shown
previously to produce full-length APC protein that
binds β-catenin and significantly reduces β-catenin sig-
naling in response to zinc induction (18). Induction of
wild-type APC by zinc led to a significant (32.5 ± 11.1%,
P = 0.03) decrease in gastrin mRNA expression, where-
as induction of the β-galactosidase gene had no effect
on gastrin mRNA levels (Figure 1b).

The area of β-catenin responsiveness resides in the region
between –103 and –93 on the gastrin promoter. Induction of
the gastrin promoter by β-catenin was confirmed by tran-
sient transfection studies in HeLa cells using a 1.3-kb gas-
trin promoter-luciferase reporter construct. HeLa cells
were chosen because they have been shown previously to
express a sufficient level of TCF-4 to support β-
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catenin–dependent activation of a β-catenin/TCF-4 reg-
ulated promoter (9). Cotransfection with a constitutive-
ly active β-catenin expression construct resulted in a sig-
nificant threefold increase in gastrin promoter activity
(Figure 1c). This effect could be inhibited significantly by
cotransfection with a dominant-negative TCF-4 expres-
sion construct. Serial deletion constructs of the gastrin
promoter suggest that a critical cis-acting element medi-
ates β-catenin responsiveness between –110 and –93 of
the human gastrin promoter (Figure 1c). Located within
this region is a potential TCF-binding site –103
CCCATTCCT –93. We then generated heterologous pro-
moter constructs by inserting either the wild-type TCF-
4–binding site found on the human gastrin promoter
from –103 to –90, a mutated TCF-4–binding site from
–103 to –90, and a consensus TCF-4–binding site that
would correlate with the region from –103 to –90

upstream of a thymidine kinase promoter-luciferase
reporter construct pT81 (Figure 1d) (23). Transfection
studies with these constructs reveal that the wild-type
gastrin-promoter sequence from –103 to –90 can confer
β-catenin responsiveness to pT81 comparable to that
seen with the classic TCF-4 consensus sequence. Muta-
tion of this TCF-4 site on the gastrin promoter abrogates
β-catenin responsiveness (Figure 1e). Taken together,
these results indicate that gastrin expression is upregu-
lated by the β-catenin/TCF-4 signaling pathway, and the
area responsible for this activity lies in the region –103
CCCATTCCT –93 on the gastrin promoter.

Overexpression of gastrin results in increased growth of polyps
in APCmin–/+ β-catenin–dependent polyposis. To assess the
biological significance of gastrin upregulation by β-
catenin, transgenic mice (MTI/G-Gly) overexpressing
glycine-extended gastrin (G-Gly) (16) in the colon were

The Journal of Clinical Investigation | August 2000 | Volume 106 | Number 4 535

Figure 1
Gastrin is a downstream target of the APC/β-catenin pathway. (a) Schematic representation of a 1,300-bp human gastrin promoter con-
struct (19) containing several potential TCF-4–binding sites. TCF-4–binding sites with high homology to the known TCF/Lef-HMG box tran-
scription factor consensus motifs [CC(A/T)TTG(A/T)(A/T)(T/C); ref. 25, 27] were identified in the gastrin promoter using Lasergene99
DNA-analysis software. Homologous bases are printed as capital letters: –1166 tCTTTGgca-1156, –1000 GATGAAACC-990, –822
aCTTTGTcT-812, –516 CCATTGcTC –506, –103 CCATTccTC-93. (b) Northern blot analysis of RNA taken from HT-29-APC and HT-29-GAL
cells that were induced with zinc to express either wild-type APC or β-galactosidase. The blot was probed with either a riboprobe to human
gastrin exon 2 or GAPDH. (c) HeLa cells were transfected with a series of gastrin promoter-luciferase reporter deletion constructs (number
reflects length of promoter from the transcriptional start site) and then cotransfected with a constitutively active β-catenin expression con-
struct alone (filled bars) or with both the constitutively active β-catenin expression construct with a dominant-negative TCF-4 construct
(open bars). The basal promoter construct Pxp2 was used as a control. The results are taken from three independent experiments. (d)
Sequences containing either the wild-type TCF-4–binding site from –103 to –90 on the gastrin promoter, a mutated TCF-4–binding site, or
a corresponding perfect TCF-4 consensus sequence (Con) are shown. These sequences were used to generate heterologous promoter con-
structs by cloning them upstream of the thymidine kinase promoter in the luciferase reporter construct pT81. (e) HeLa cells were then trans-
fected with the wild-type TCF-4-pT81 construct, the mutant TCF-4-pT81 construct, the consensus TCF-4-pT81 construct, or an empty pT81
construct and a constitutively active β-catenin expression construct (filled bars) or both the constitutively active β-catenin expression con-
struct and a dominant-negative TCF-4 construct (open bars).



mated into the APCmin–/+ background. Glycine-extend-
ed gastrin is an incompletely processed form of gastrin
strongly implicated in colonic proliferation (24), and
the MTI/G-Gly mice show an increase in colonic prolif-
eration, mucosal thickness, and goblet-cell hyperplasia
(16). The MTI/G-Gly APCmin–/+ mice gastrin had a sig-
nificant increase in the total number of polyps in the
small intestine (6.30 ± 0.39 vs. 3.95 ± 0.19, P < 0.01) as
well as a significant increase in the number of small
intestinal polyps greater than 3 mm when compared
with wild-type APCmin–/+ mice (2.95 ± 0.21 vs. 1.25 ± 0.21,
P < 0.01) (Figure 2). This suggests that the incomplete-
ly processed forms of gastrin are important mediators
of polyp growth and may also affect initiation of polyp
formation in cells that are heterozygous for APC. There
was no significant difference seen in the histology of
polyps from MTI/G-Gly APCmin–/+ mice compared with
those from control APCmin–/+ mice (data not shown).
The overall number of polyps in both groups of mice
was low, reflective of the poor penetrance of the
APCmin–/+ mutation in the FVB background. In addi-
tion, there were virtually no colonic polyps seen in either
the MTI/G-Gly or the wild-type APCmin–/+ mice, reflect-
ing the previously reported poor penetrance of the
APCmin–/+ mutation in the colon, preventing any mean-
ingful statistical analysis of colonic polyposis.

Gastrin deficiency results in decreased growth and number of
polyps in APCmin–/+ mice. To further define the role of gas-
trin in β-catenin–dependent polyposis, we examined the
effect of gastrin deficiency on APCmin–/+ mice. C57BL/6 ×
SV129 mice made gastrin deficient by targeted gene dis-
ruption (17) were mated into the APCmin–/+ background.
Fifteen gastrin-deficient and 15 control APCmin–/+ mice

were examined. The gastrin-deficient APCmin–/+ mice had
50% fewer polyps in the small intestine than control
APCmin–/+ mice (8.53 ± 0.97 vs. 18.2 ± 2.26, P < 0.01). The
gastrin-deficient APCmin–/+ mice had a higher hematocrit
than control APCmin–/+ mice (40.7 ± 1.26% vs. 30.8 ± 1.98%,
P < 0.05) (Figure 3a), likely related to decreased polyp
numbers, resulting in decreased gastrointestinal blood
loss. The difference in polyp number was more marked
with increasing polyp size, with a threefold decrease seen
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Figure 2
Effect of overexpression of glycine-extended gastrin on APCmin–/+

mice. Total polyp number and the number of large polyps (>3 mm)
in the small intestine from twenty 6-month-old APCmin–/+ mice that
overexpress glycine-extended gastrin (MTI/G-Gly) (shaded bars)
compared with twenty 6-month-old control APCmin–/+ mice (filled
bars) in the same genetic background (AP < 0.05).

Figure 3
Effect of gastrin deficiency on APCmin–/+ mice. (a) Total polyp number
in the small intestine and hematocrit from fifteen 6-month-old gastrin-
deficient APCmin–/+ mice compared (shaded bars) with fifteen 6-month-
old control APCmin–/+ mice (wild-type for the gastrin allele in the same
genetic background; filled bars) (AP < 0.05). (b) The number of small
intestinal polyps from the gastrin-deficient (shaded bars) and control
APCmin–/+ mice (filled bars) as stratified by size (AP < 0.05).



in the number of polyps larger than 3 mm (1.67 ± 0.34 vs.
5.60 ± 1.41, P < 0.01) found in gastrin-deficient APCmin–/+

mice compared with control mice (Figure 3b). As was the
case for the MTI/G-Gly APCmin–/+ mice, there were virtu-
ally no polyps seen in the colon of either the gastrin-defi-
cient or control APCmin–/+ mice.

Gastrin deficiency resulted in decreased proliferation in the
polyps of APCmin–/+ mice. To determine if the difference in
polyp size was due to differences in proliferation, prolif-
eration rates were assessed by assaying incorporation of
BrdU using immunohistochemical methods. The polyps
of gastrin-deficient mice had a significant decrease in
proliferation compared with polyps from wild-type mice
(Figure 4, a–c). Interestingly, the difference in prolifera-
tion is more marked with advanced polyp size, support-
ing the notion that during polyp development, gastrin is
upregulated by β-catenin to mediate growth.

Gastrin deficiency did not affect ras-induced polyp growth. It
has been reported recently that gastrin gene expression is
also upregulated by activated ras (24). Activated ras muta-
tions generally occur downstream of APC mutations and
are found in 50% of advanced intestinal polyps. If gastrin
is an important mediator of ras-induced polyp growth,
then it might be expected that whereas ras mutations may
develop at an equal rate in gastrin-deficient and control
APCmin–/+ mice, the activated ras mutations would not
result in polyp growth in gastrin-deficient mice. In this
scenario, large polyps that develop in gastrin-deficient
APCmin–/+ mice would be largely ras-independent, and as
a result there would be a decreased frequency of ras muta-
tions in the large polyps of gastrin-deficient mice when
compared with control mice. However, we found no sig-
nificant difference in the frequency of ras mutations in
codon 12, the predominant mutation found in mice (22),
seen in the large polyps of the gastrin-deficient APCmin–/+

mice compared with wild-type APCmin–/+ mice (76.7% vs.
73.3%). These results support the notion that gastrin is
not a necessary mediator of ras-induced polyp growth.

Gastrin deficiency led to an increase in life expectancy in
APCmin–/+ mice. The effect of gastrin deficiency on β-
catenin/TCF-4-dependent polyp growth led to signif-
icant differences in life expectancy. Gastrin-deficient
APCmin–/+ mice and corresponding wild-type APCmin–/+

mice were followed until death and survival curves
were calculated. The gastrin-deficient APCmin–/+ mice
had a significantly increased survival when compared
with wild-type mice (216.7 ± 6.06 vs. 195.9 ± 4.67 days,
P < 0.05) (Figure 5).

Discussion
In summary, we have shown that gastrin expression is
upregulated directly through the β-catenin/TCF-4 sig-
naling pathway, which accounts for earlier observations
that gastrin, like c-myc and cyclin D1, is upregulated dur-
ing colon cancer progression (11). We have narrowed
the β-catenin/TCF-4 response element to an area
between –110 and –93 of the human gastrin promoter.
Using Lasergene99 DNA-analysis software (DNASTAR,
Madison, Wisconsin, USA) an element –103 CCATTc-

cTC-93 within this region was found that has 80%
homology to known Tcf/Lef-HMG box transcription-
factor consensus motifs [CC(A/T)TTG(A/T)(A/T)(T/C)]
(25–27). This element was able to confer β-catenin
responsiveness when placed upstream of the thymidine
kinase promoter, and mutation of this site abolishes β-
catenin responsiveness. This is comparable to similar
elements found on the c-myc, cyclin D1, and PPARδ that
mediate β-catenin responsiveness and explains the find-
ing reported previously that gastrin is upregulated in
APCmin–/+ derived polyps (11).

Whereas it is likely that previously identified targets
of β-catenin (c-myc, cyclin D1, and PPARδ) are important
in the development of intestinal polyps, the precise
functional roles for these other targets have not been
defined through genetic approaches in vivo. In this
study we have found that over-expression of glycine-
extended gastrin in APCmin–/+ mice results in increased
number and size of polyps and that gastrin deficiency
in the APCmin–/+ mouse model leads to decreased polyp
number and size, decreased proliferation rates within
the polyps, and increased survival. These findings are
similar to the effect of COX-2 deficiency on polyposis
(28); the precise relationship of gastrin expression to
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Figure 4
Effect of gastrin deficiency on polyp proliferation rates. (a) BrdU
staining in 6-month old gastrin-deficient APCmin–/+ mice and (b)
control APCmin–/+ mice. (c) Labeling indices were calculated by
counting the number of immunopositive-staining cells as a per-
centage of the total number of cells in each polyp (AP < 0.05)
from both wild-type (filled bars) and gastrin-deficient mice
(shaded bars).



COX-2 activity remains undefined. Taken together,
these findings suggest that gastrin is an important
mediator of β-catenin–dependent polyp growth.

The increase in polyp growth is likely mediated by the
less-processed forms of gastrin. This is supported by
our observation that mice overexpressing glycine-
extended gastrin (MTI/G-Gly) exhibit significant
increases in the number and size of polyps. G-Gly and
progastrin are the predominant form of gastrin found
in colorectal cancers (12, 13) and the normal colon (14).
Studies in cell lines (22), as well as in transgenic mice
(15, 16), have shown that these incompletely processed
forms of gastrin can act as trophic factors for colon
cancers as well as the normal colon. G-Gly likely exerts
this effect independent of the classical CCK-B/gastrin
receptor, possibly through pathways involving c-jun
(29), PI-3-kinase (30), and/or p70S6K (30). However,
the precise identity of the receptor for the less
processed forms of gastrin remains unclear, although
three candidate receptors for the less processed form of
gastrin have been identified (31–33). Whereas a role for
amidated gastrin (G-17) cannot be completely exclud-
ed, the normal colon does not appear to express the
classic CCK-B/gastrin receptor (34), and expression of
this receptor has been found in only a minority of
colon cancers as measured by
RT-PCR, although wide vari-
ability has been reported
(17–57%) reflecting the difficul-
ties inherent in RT-PCR analy-
sis. (33, 35–39).

The trophic role of the less-
processed forms of gastrin in
intestinal polyps is further sup-
ported by proliferation studies
performed on the polyps of the
gastrin-deficient and wild-type
APCmin–/+ mice. The gastrin-defi-
cient mice had a significant
decrease in polyp proliferation

rates when compared with control mice when controlled
for polyp size, with more marked decreases seen with
increasing polyp size. The trophic effect of the less-
processed forms of gastrin on intestinal polyps, as evi-
denced by the proliferation studies and the differences
seen in the average size of polyps, suggest that they are
important in colon cancer promotion. The decrease in
the total number of intestinal polyps in the gastrin-defi-
cient APCmin–/+ mice and the increase in the number of
polyps in the MTI/G-Gly mice also raise the possibility
that gastrin may also be important in the early stages of
polyp development.

Activated ras mutations have been detected in up to
50% of advanced intestinal polyps and is thought to be
important in colon cancer promotion in this subset of
polyps (40). It has been reported that ras can upregulate
gastrin expression (23), although the importance of gas-
trin in ras-mediated polyp growth has not been demon-
strated clearly. We find that gastrin deficiency did not
select for the subset of large polyps with wild-type ras
(rates of ras mutations in large polyps were equal in the
gastrin-deficient and control mice), suggesting that
whereas ras can upregulate gastrin expression, it is not
essential for ras-mediated growth. Thus, whereas gastrin
is clearly a downstream target of APC/β-catenin, further
studies will be required to determine whether gastrin is
upstream or downstream of ras in the multi-hit hypoth-
esis of colon cancer progression (41, 42) (Figure 6).

Our results would suggest that progastrin-derived
peptides might serve as useful therapeutic targets in the
treatment of colon cancer. Potential therapies that have
been shown to inhibit growth of colon cancer cell lines
include possible G-Gly receptor antagonists (43), anti-
sense gastrin cDNA constructs (44), and immunoneu-
tralizing antibodies to gastrin (45). Since progastrin also
exhibits colonic trophic activity (15), the ideal thera-
peutic agent should be able to neutralize both progas-
trin and glycine-extended gastrin.

Taken together, we propose that gastrin is an impor-
tant downstream target of β-catenin/TCF-4 and that
the less-processed forms of gastrin function as impor-
tant mediators of intestinal polyp growth and colorec-
tal cancer promotion. The identification of gastrin as a
functionally relevant downstream target of the β-
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Figure 5
Effect of gastrin deficiency on life expectancy. Survival curves
from 15 APCmin–/+ gastrin-deficient mice and 15 control APCmin–/+

mice (AP < 0.05).

Figure 6
A role for gastrin in the molecular pathogenesis of colorectal cancer.



catenin/TCF-4 pathway strengthens the importance of
gastrin as a potential target for novel therapeutic
modalities in the treatment of colorectal cancer.
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