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Abstract

Introduction

This study examined whether gastrin modulates endothelial
cell activity via heparin-binding epidermal growth factor–like
growth factor (HB-EGF) expression. Human umbilical vascular
endothelial cells (HUVEC) were assessed for tubule formation
in the presence of amidated gastrin-17 (G17) and glycineextended gastrin-17 (GlyG17) peptides. HB-EGF gene and
protein expressions were measured by quantitative reverse
transcription-PCR, immunocytochemistry, and Western blotting, and HB-EGF shedding by ELISA. Matrix metalloproteinases MMP-2, MMP-3, and MMP-9 were assessed by Western
blotting. Chick chorioallantoic membrane studies measured
the in vivo angiogenic potential of gastrin and microvessel
density (MVD) was assessed in large intestinal premalignant
lesions of hypergastrinaemic APCMin mice. MVD was also
examined in human colorectal tumor and resection margin
normals and correlated with serum-amidated gastrin levels
(via RIA) and HB-EGF protein expression (via immunohistochemistry). HUVEC cells showed increased tubule and node
formation in response to G17 (186%, P < 0.0005) and GlyG17
(194%, P < 0.0005). This was blockaded by the cholecystokinin2 receptor (CCK-2R) antagonists JB95008 and JMV1155 and by
antiserum to gastrin and HB-EGF. Gastrin peptides increased
HB-EGF gene expression/protein secretion in HUVEC and
microvessel-derived endothelial cells and the levels of MMP-2,
MMP-3, and MMP-9. G17 promoted angiogenesis in a
chorioallantoic membrane assay, and MVD was significantly
elevated in premalignant large intestinal tissue from hypergastrinaemic APCMin mice. In terms of the clinical situation,
MVD in the normal mucosa surrounding colorectal adenocarcinomas correlated with patient serum gastrin levels and
HB-EGF expression. Gastrin peptides, acting through the CCK2R, enhance endothelial cell activity in models of angiogenesis. This may be mediated through enhanced expression and
shedding of HB-EGF, possibly resulting from increased activity
of matrix metalloproteinases. This proangiogenic effect translates to the in vivo and human situations and may add to the
tumorigenic properties attributable to gastrin peptides in
malignancy. (Cancer Res 2006; 66(7): 3504-12)

Gastrin peptides have multiple carcinogenic activities in
gastrointestinal adenocarcinomas through both autocrine/paracrine and endocrine mechanisms (1). Mature amidated gastrin
peptides act through the G-protein–coupled cholecystokinin-2/
gastrin receptor (CCK-2R), which mediates the normal endocrine
activities of gastrin, such as acid secretion. The classic CCK-2R,
together with a number of splice variants, have been shown to play
a role in malignancy (2–4).
Gastrin gene transcription is normally tightly regulated but may
be elevated in the cancer situation, as it is a transcriptional target
of h-catenin (5, 6). Post-translational processing of preprogastrin is
also disordered in malignant epithelial cells, resulting in constitutive release of poorly processed gastrin forms, such as progastrin,
and glycine-extended gastrin species (7). Nonamidated gastrin
peptides, such as glycine-extended gastrin-17 (GlyG17), possess
biological activity that includes pro-proliferative effects on
epithelial cells and enhancement of carcinogen-induced tumorigenicity in the colon (8, 9).
Gastrin peptides increase the transcription of a number of key
target genes associated with tumorigenesis, including cyclooxygenase-2 (COX-2), plasminogen activator inhibitor-2 (PIA-2), the
regenerating protein (Reg; refs. 10–12), and matrix metalloproteinase (MMP) enzymes (13–15). Importantly, much emphasis has
been placed on the ability of gastrin to both up-regulate ligands
of the epidermal growth factor (EGF) receptor, in particular
amphiregulin and heparin-binding EGF-like growth factor (HBEGF; refs. 16–18). The effect of gastrin on both the shedding of EGF
receptor growth factors and related downstream signaling pathways has received particular attention. In terms of a proangiogenic
role for gastrin, a recent study showed such an in vivo in a glioma
model involving E-selectin activation (19).
Our study has explored the role of gastrin peptides on the
angiogenic potential of human endothelial cell lines through
mediation of HB-EGF expression and shedding. Two gastrin
peptides were compared; gastrin-17 (G17), the form involved in
endocrine pathways and GlyG17, a form secreted by tumor cells
themselves and ascribed a role as an autocrine factor (20). It was
confirmed that both G17 and GlyG17 increased tubule formation of
human endothelial cells grown on an extracellular matrix and
enhanced HB-EGF expression and shedding. MMP-2, MMP-3, and
MMP-9 expression also increased, with these factors potentially
playing a role in regulating shedding of the HB-EGF. In vivo models
confirmed the proangiogenic effects of G17, and these translated
to the clinical situation based on the observation that there is
increased vessel density and elevated HB-EGF protein expression in
the normal mucosa surrounding colorectal adenocarcinomas in
patients with elevated serum-amidated gastrin levels.
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Materials and Methods
Human endothelial monocultures. Human umbilical vein endothelial
cells (HUVEC), uterine microvascular endothelial cells (UtMVEC), and
dermal microvascular endothelial cells (HMVEC-D; Cambrex, Walkersville,
MD) were cultured in EGM-2 with 2% fetal bovine serum (HUVEC) and
EGM-MV microvascular specific medium with the recommended Single
Quot supplementation including 5% fetal bovine serum, bovine brain
extract, hydrocortisone, and human EGF (both Cambrex). Subconfluent
cells were harvested with 0.25% trypsin and 0.03% EDTA solution (both
Sigma, Poole, Dorset, United Kingdom).
Human angiogenesis model. This comprised a human angiogenesis
system (TCS CellWorks, Buckingham, United Kingdom) consisting of
irradiated human fibroblast cell monolayers seeded with HUVEC. Medium
was replenished on days 1, 4, and 7 supplemented with G17, GlyG17 (both
Aphton Corp., Woodland, CA), or a scrambled gastrin peptide control
AL55 (WGDGF-NH2, Biopolymer Synthesis and Analysis Unit, University of
Nottingham, Nottingham, United Kingdom) at concentrations between
10 Amol/L and 10 pmol/L. Dose response studies confirmed 10 nmol/L as
the optimal G17 and GlyG17 concentration, and it was this concentration
that was used in all subsequent studies. Suramin (20 mmol/L) and vascular
endothelial growth factor (VEGF165; 20 Ag/mL) were used as negative and
positive controls, respectively (TCS CellWorks). The compound treatments
remained constant throughout the duration of the experiment from
initiation on day 1 through to termination on day 9 with refeeding on
days 1, 4, and 7. On day 9, the cells were fixed in 70% ethanol, and tubule
formation was visualized with an endothelial tubule staining kit (TCS
CellWorks). Briefly, tubules were labeled with murine monoclonal antihuman CD31 (platelet/endothelial cell adhesion molecule 1) cell surface
antigen antibody for 60 minutes and immunolocalized using a goat antimouse alkaline phosphatase secondary for a further 60 minutes. 5V-Bromo4-chloro-3-indolyl phosphate chromagen with nitro blue tetrazolium
enhancer was incubated for 30 minutes giving an insoluble purple
precipitate.
This model follows HUVEC development from proliferation through to
differentiation/maturation and has a branching tubule phenotype, with
each branch point classified as a node. Node formation was measured by
assessing 10 to 20 fields in each duplicate-coded well, with two observers
in a blinded system, interobserver variation being <10%. Mean node
development across treatments was compared by a one-way ANOVA
statistical test.
Inhibition of angiogenic differentiation using gastrin-neutralizing
antibodies and specific antagonists. A rabbit anti-G17DT antiserum,
raised against the NH2- terminal nine amino acids of G17 coupled to
diphtheria toxoid [G17-DT (Insegia), Aphton], which neutralizes both the
COOH-amidated and glycine-extended forms of G17 with affinities of 0.15
and 0.47 nmol/L, respectively (21), was introduced at 10 Ag/mL, and its
effects were compared against 10 Ag/mL of purified normal rabbit serum
control (Aphton). Reversal of G17 and GlyG17 effects was assessed using
the specific CCK-2R antagonists YM022 and JB95008 (Gastrazole; ref. 22),
at concentrations of 106 mol/L.
Reverse transcription and PCR amplification. RNA extraction was
done as previously described using RNABee (Biogenesis, Poole, United
Kingdom), and cDNA was synthesized as described previously (2). PCR
reactions were carried out using the qPCR Core kit for SYBR Green I
(Eurogentec, Romsey, United Kingdom) in a GeneAmp 5700 Sequence
Detector Real-time PCR machine (Applied Biosystems, Warrington, United
Kingdom) following the program: 50jC for 2 minutes, 95jC for 10 minutes
then 40 cycles of 95jC for 15 seconds, and 60jC for 1 minute (Applied
Biosystems). The sequences of the primers used were as follows: HB-EGF
sense, CTCTTTCTGGCTGCAGTTCTC; HB-EGF antisense, AGCTGGTCCGTGGATACAGT; hypoxanthine phosphoribosyltransferase (HPRT) sense,
GACCAGTCAACAGGGGACAT; HPRT antisense, CGACCTTGACCATCTTTGGA.
Results are presented as relative gene expression compared with that for
the house-keeping gene HPRT and a reference treatment by the 2DDCt
method (23), using the following equation, where Ct represents the number
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of cycles required to reach an arbitrary fluorescence threshold during
the linear phase of amplification
½CtðHBEGFÞ CtðHPRTÞ test condition

Relative gene expression ¼ 2 ½CtðHBEGFÞ CtðHPRTÞ reference condition
Statistical assessment was done using a one-way ANOVA test.
Western analysis. Cell lysates from HUVEC cell cultures were analyzed
under denaturing and reducing conditions on 8% to 16% gradient Tris/
glycine gels (Invitrogen, Paisley, United Kingdom). Resolved proteins were
transferred to polyvinylidene difluoride membranes (Invitrogen), blocked
with 5% nonfat dry milk, then washed thrice in TBST [20 mmol/L Tris,
0.5 mol/L NaCl (pH 7.5), and 0.05% Tween 20]. Membranes were incubated
overnight at 4jC with goat anti-MMP-2, anti-MMP-3, and anti-MMP-9
(R&D Systems, Abingdon, United Kingdom) at 1 mg/mL concentration
or goat IgG (as a negative control), an anti-goat secondary antibody
(DakoCytomation, Ely, United Kingdom) was added, and immune
complexes were visualized using enhanced chemiluminescence Plus
(Amersham Biosciences, Little Chalfont, United Kingdom). Gel analysis
was done on a Syngene Chemigenius 2 BioImaging System, using GeneTools
Software.
Immunofluorescent staining of cytospins. Approximately 1  104
formalin-fixed cells (0.4%) were spun onto Polysine slides (VWR, Lutterworth, United Kingdom), washed twice in PBS (pH 7.2) for 5 minutes each
and incubated for 5 minutes in PBS with 0.5% Triton X-100. Cells were
incubated for 30 minutes at room temperature in PBS with 3% bovine
serum albumin (BSA) and 1% glycine, then PBS containing 10% rabbit
serum. Goat anti HB-EGF (C-18; Santa Cruz Biotechnology, Santa Cruz, CA)
was added overnight at 4jC followed by incubation with the secondary
antibody, Alexa Fluor 594 goat anti-rabbit in 10% normal goat serum. Slides
were washed and coverslipped using the SlowFade Antifade Light kit with
4V,6-diamidino-2-phenylindole (Molecular Probes, Eugene, OR) and analyzed
using QWin image analysis software (Leica Microsystems, Milton Keynes,
United Kingdom).
HB-EGF ELISA. Culture medium or control medium (not incubated with
cells) was collected, clarified by centrifugation, and concentrated to 150 AL
using Centriplus-10 concentrators with a molecular weight cutoff of 10,000
(Amicon, Beverly, MA). Serial dilutions of human recombinant HB-EGF
(Sigma), at 0.03 to 128 ng/mL, or concentrated conditioned media were
added at 50 AL/well in 96-well Maxisorp Nunc-immuno plates (Fisher
Scientific, Loughborough, United Kingdom) and incubated overnight at 4jC.
The plate was washed with PBS-Tween and blocked with 5% BSA in PBSTween for 2 hours at 37jC. Goat anti-human HB-EGF (R&D Systems) was
added at 1 Ag/mL, and the plate was incubated overnight at 4jC. Binding
was detected using biotinylated rabbit anti-goat immunoglobulin (1:10,000
dilution, DakoCytomation), streptavidin-HRP (1:5,000 dilution, DakoCytomation), and 3,3V,5,5V-tetramethylbenzidine (Sigma). The reaction was
stopped with 0.5 mol/L H2SO4, and the absorbance was read at 450 nm.
The standard curve was linear between 0.03 and 32 ng/mL HB-EGF, and cell
conditioned media absorbance values were converted to ng/mL values
based on the linear regression transformation of the standard curve.
Statistical assessment was done using a one-way ANOVA test.
Chick chorioallantoic membrane studies. The chorioallantoic membrane model used in this study was modified from that used by Melkonian
et al. (24), briefly, fertilized white broiler chicken eggs were incubated at
37jC until stage 19 of development (day 3.5). Eggs were opened from the
air sack end, and 3 mL of egg white was removed to allow the embryo to
drop away from the shell, providing space for compound treatment.
The positive control angiopoietin-1 (1 Ag/mL), G17 (10 nmol/L), or the
vehicle control solution were dotted onto sterile nitrocellulose filter discs
(10 AL per disc) presoaked in a 3 mg/mL solution of cortisone acetate
(in absolute ethanol, to reduce inflammation) and then air-dried before
use. The discs were placed, one per egg on the left vitalline artery (LVA),
and the eggs were sealed with tape and returned to 37jC for a further
24 hours.
After incubation the tape was removed and observations were made
using the untreated right vittaline artery (RVA) in each egg for comparison.
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Human primary tumor sample collection and storage. Samples were
collected from 31 freshly resected human colorectal tumors from
Nottingham University Hospital, Department of Surgery. Ethical permission
was granted from the Queen’s Medical Centre Ethical Review Committee,

Nottingham, United Kingdom. Samples of tumor and nonmalignant mucosa
( from the resection margin and >10 cm from the cancer) were formalin
fixed, processed, and embedded in paraffin wax. Fasting sera were obtained
from patients before surgical excision and were assayed for levels of

Figure 1. Effect of G17 and GlyG17 on
HUVEC node formation in in vitro culture.
A, microscopic images. HUVEC tubule
and node formation over a 9-day culture
period are shown for medium alone and in
the presence of suramin (20 nmol/L),
VEGF (20 ng/mL), G17 (10 nmol/L), or
GlyG17 (10 nmol/L). Red bar, 200 Am.
B, effect of G17 and GlyG17 on mean
node number. Columns, mean node
formation for two separate experiments
with n = 2 to 3 replicates per condition
within each experiment; bars, SE.
Suramin significantly inhibited node
formation from 16.0 (medium control) to
6.0 (*, P < 0.0005). VEGF significantly
increased node number to 29.5 (**, P <
0.0005). G17 and GlyG17 produced
growth effects equal to VEGF with a mean
node number of 30 and 31, respectively
(***, P < 0.0005). The scrambled peptide
AL55 had no significant effect on node
formation and was significantly different
from effects of G17 and GlyG17 (both
P = 0.0005).
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CD34 immunohistochemistry was carried out on paraffin-embedded
APCMin mouse large intestinal tissue as described above with the following
amendments; antigen unmasking was via citric acid microwave antigen
retrieval (10 mmol/L citric acid, pH 6). Endogenous peroxidase was
removed by 3% hydrogen peroxide blockade. Primary antibodies, rat antimouse CD34, and concentration-matched rat IgG2a control (BD Biosciences
PharMingen, Oxford, United Kingdom) were labeled with polyclonal anti-rat
biotinylated secondary (BD Biosciences PharMingen).
Microvessel density was measured according to Vermeulen et al. (26).
Briefly, hotspot areas of CD31-labeled or CD34-labeled events were counted
over n = 8 fields of view at 10 (CD31) and 40 (CD34) objective magnification under bright-field microscopy.
Progastrin immunohistochemistry was carried out using rabbit polyclonal
antiserum raised against the COOH terminus as previously described (24).
COOH-terminal HB-EGF immunohistochemistry was carried out by
horseradish peroxidase (HRP)–conjugated secondary labeling of goat
polyclonal anti-HB-EGF(C-18)/sc1413 (Santa Cruz Biotechnology), Endogenous peroxidase was removed with 3% hydrogen peroxidase block, and
nonspecific protein/protein interactions were reduced by preincubation
with 20% rabbit serum. Microwave antigen retrieval was carried out using
prewarmed 10 mmol/L citric acid (pH 6) heated at half power for 10
minutes with 20-minute cooling time. Rabbit anti goat-HRP secondary
(DakoCytomation) was used according to manufacturer’s instruction.
Visualization was via liquid DAB system (DakoCytomation).

Results

Figure 2. Inhibition of gastrin-induced effects on HUVEC node formation. A,
neutralization with rabbit anti-gastrin antiserum (A/S ). Gastrin antiserum
significantly reduced node formation in the presence of G17 from 183% to 56% of
the medium control (*, P < 0.0001) and of GlyG17 from 128% to 55% of the
medium control (**, P < 0.0001; n = 2 separate experiments, two to three
replicates per condition). B, CCK-2R blockade of the actions of G17 and GlyG17.
JB95008 reversed the G17-induced effect on HUVEC node formation from 171%
to 82% (*, P < 0.0001). JMV reversed the GlyG17-induced effect on HUVEC
node formation from 201% to 117% (**, P = 0.04) of the medium control.

amidated G17 by RIA (25) at the Physiology Laboratory, University of
Liverpool, United Kingdom under the supervision of Dr. A. Varro. All
data obtained from tissue were transformed to an ordinal (ranked format)
for statistical assessment using a Spearman’s rho correlation test.
Immunohistochemistry on human and mouse tissue sections.
Paraffin-embedded sections of colorectal tissue were attached to polysine
glass slides (VWR). CD31 immunohistochemistry was carried out via
indirect streptavidin/biotin labeling of murine anti-human CD31 (clone
JC70A, DakoCytomation). Endogenous peroxidase was removed by a 0.6%
hydrogen peroxidase block. Nonspecific protein/protein interactions were
reduced by preincubation with 20% rabbit serum. Endogenous biotin
and associated binding proteins were reduced by pretreatment with a
streptavidin/biotin blocking system (Vector Laboratories, Burlingame, CA).
Visualization was via diaminobenzidine tetrahydrochloride liquid system
(DAB, DakoCytomation).
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The influence of gastrin peptides on HUVEC differentiation.
The effect of gastrin peptides on tubule/node formation in
HUVECs cultured on a fibroblast feeder layer was studied. In this
model, HUVECs appeared initially as distinct ‘‘islands’’ within the
fibroblast monolayer. As the experiment progressed, they underwent proliferation and migration to form thread-like tubule
structures, which joined to form a network of anastomosing
tubules. Thus, the growth characteristics of this model provide
data on both proliferation (early stages) and differentiation (later
stages). Tubule branch points or nodes were counted as an indication of maturity of the tubule network.
G17 and GlyG17 were initially assessed in terms of HUVEC node
formation at concentrations ranging from 10 Amol/L to 10 pmol/L.
G17 and GlyG17 significantly stimulated growth, 353% control
(P = 0.002) and 303% (P = 0.011), respectively, compared with 563%
control for VEGF (2 ng/mL). However, 10 Amol/L and 10 pmol/L
G17 and GlyG17 had no significant effect on node formation (data
not shown). HUVEC node formation and mean node number
in a range of growth conditions, including G17 and GlyG17, at
optimal concentrations of 10 nmol/L, are shown in Fig. 1A and B,
respectively. In the presence of the inhibitor suramin, mean node
number was significantly reduced compared with the medium
control that included all constituents of HUVEC growth medium
without peptide supplementation (16.0 down to 6.0 mean nodes,
37% of control; P < 0.0005). The positive control, VEGF, significantly
increased node number from the medium control (29.5 from 16.0
mean nodes, 184%; P < 0.0005) as did G17 (30.0 from 16.0, 187%;
P < 0.0005) and GlyG17 (31.0 from 16.0, 193%; P < 0.0005). The
scrambled gastrin peptide AL55 had no significant effect on node
number. Furthermore, G17 and GlyG17 induced significant
increased node formation compared with AL55 (both P = 0.0005).
Neutralization of the effect of gastrin peptides with an antigastrin antiserum and CCK-2 receptor antagonists. To further
investigate whether the differentiation-inducing effect of gastrin
was reversible and mediated through the CCK-2R, the experiment
was repeated with the addition of either gastrin antiserum or
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Figure 3. Effect of gastrin peptides on HB-EGF expression by HUVEC
cells. A, effect on HB-EGF gene expression. Relative gene expression
was significantly increased following G17 (*, P = 0.003) and GlyG17
(**, P = 0.005) treatment when compared with the scrambled peptide
control, AL55. B, fluorescent immunocytochemical detection of HB-EGF
expression. G17 and GlyG17 treatment increased expression of
cytoplasmic HB-EGF, which had an enhanced granular appearance.
C, effect of gastrin on shedding of HB-EGF protein. G17 and GlyG17
significantly increased HB-EGF shedding as confirmed by detection of
HB-EGF within the culture supernatant (*, P = 0.005 and **, P = 0.006,
respectively, compared with the medium control, and +, P = 0.005,
compared with scrambled peptide, AL55), whereas the scrambled peptide
control, AL55, had no effect. D, expression of MMPs. Western blot
analysis of MMP-2, MMP-3, and MMP-9 expression by HUVEC cells
revealed an increase in expression following gastrin treatment. E, effect of
HB-EGF immunoneutralization on gastrin-induced node formation of
HUVEC cells. HB-EGF neutralization by the use of antiserum significantly
reduced G17 (*, P = 0.032) and GlyG17 (**, P = 0.01) mediated effects on
HUVEC node formation (combination of two separate studies, n = 2/3
replicates per condition).

CCK-2R antagonists. Gastrin antiserum (10 Ag/mL) neutralized
the differentiating effects of exogenous G17 from 183% to 56%
(P < 0.0001) and exogenous GlyG17 from 128% of the control
medium to 55% (P < 0.0001; Fig. 2A).
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Two CCK-2R antagonists were used to blockade the effects of
the gastrin peptides: JB95008 (a competitor of amidated G17) and
JMV1155 (a competitor of GlyG17). The effect of G17 was reversed
from 171% to 82% (P < 0.0001) with JB95008, and the effect of
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GlyG17 was reversed from 201% to 117% (P = 0.04) of the medium
control with JMV1155 (Fig. 2B).
Effect of G17 and GlyG17 on HB-EGF gene expression
and HB-EGF secretion by HUVEC cells. One of the potential
mechanisms through which gastrin peptides may act upon
vascular density/node formation of HUVEC cells is via upregulation of HB-EGF. The effect of G17 and GlyG17 on HB-EGF
gene and protein expression was compared with that of the
scrambled peptide AL55 (Fig. 3A). G17 induced a 5.6-fold increase
in HB-EGF gene expression compared with the scrambled peptide
control (P = 0.003) and GlyG17 a 2.8-fold increase (P = 0.005). The
effect with G17 was significantly greater than that achieved with
GlyG17 (P = 0.014).

Figure 4. Effect of gastrin peptides on HB-EGF expression by the
microvascular endothelial cells UtMVEC and HMVEC-D. A, effect on
HB-EGF gene expression. Both G17 and GlyG17 significantly increased
HB-EGF gene expression of UtMVEC (*, P = 0.003 and **, P = 0.011,
respectively), whereas G17, but not GlyG17, increased gene expression of
HMVEC-D (+, P < 0.05 and ++, P = 0.072, respectively; combined results for
three separate experiments for UtMVEC and 2 for HMVEC-D with 3 replicates
per condition) when compared with medium control. Both G17 and GlyG17
retained significance from AL55 (P = 0.003 and 0.005, respectively). B, effect
on HB-EGF protein shedding. G17 and GlyG17 significantly increased HB-EGF
secretion by UtMVEC (*, P = 0.05 and **, P = 0.041, respectively), whereas
G17 but not GlyG17 increased shedding by HMVEC-D (+, P = 0.05 and ++,
P = 0.085, respectively; combined results for three separate experiments for
UtMVEC and two for HMVEC-D with three replicates per condition) when
compared with medium control. Both G17 and GlyG17 retained significance
from AL55 (P = 0.005 and 0.006, respectively).
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HB-EGF expression was also increased at the protein level
following treatment with G17 and GlyG17 (Fig. 3B). Under basal
conditions, there was discrete cytoplasmic expression, whereas
following G17 treatment staining appeared punctate/granular.
A similar pattern of staining was seen in cells treated with GlyG17
(data not shown).
Treatment with G17 and GlyG17 had a significant effect on HBEGF shedding into the cell supernatant during cell growth (Fig. 3C).
G17 induced a 2.7-fold increase in shedding (P = 0.005) compared
with a 1.75-fold increase (P = 0.006) for GlyG17, whereas there was
no significant effect with the scrambled peptide (Fig. 3C) compared
with cells treated with medium alone. G17 had a significantly
enhanced effect compared with the scrambled peptide AL55 (P =
0.005), whereas GlyG17 did not significantly enhance shedding.
Role of MMP-2, MMP-3, and MMP-9 in gastrin-induced HBEGF shedding. MMP-2, MMP-3, and MMP-9, which are known
to be implicated in HB-EGF shedding (27, 28), were evaluated in
HUVEC cell lysates following gastrin treatment. Both G17 and
GlyG17 increased the expression level of all three MMPs when
compared with cells treated with the scrambled peptide control
(Fig. 3D). Up-regulation of MMP-2 and MMP-3 was most marked
following treatment with G17.
Role of HB-EGF on gastrin-mediated HUVEC differentiation.
To delineate the role of HB-EGF in increased node formation
following both G17 and GlyG17 treatment, a neutralizing antibody
was included in the culture system. HB-EGF antiserum significantly
inhibited both the G17-mediated response (66.5% of G17 + control
IgG, P = 0.032, ANOVA) and the GlyG17-mediated response (53% of
GlyG17 + control IgG, P = 0.001), whereas it had no significant
effect on the basal node formation of HUVEC cells (111% of
medium control; Fig. 3E).
Effect of G17/GlyG17 on HB-EGF gene expression and
secretion in UtMVEC and HMVEC-D human microvascular
endothelial cells. The effect of G17 and GlyG17 on HB-EGF
expression in the human microvascular endothelial cell lines
UtMVEC (uterine) and HMVEC-D (dermal) was investigated.
G17 and GlyG17 significantly stimulated UtMVEC HB-EGF gene
expression (G17: 3.4-fold increase, P = 0.03; GlyG17: 1.9-fold
increase, P = 0.011) when compared with medium control and
also when compared with AL55. G17 but not GlyG17 significantly
increased gene expression in HMVEC-D cells (G17: 2.1-fold
increase, P = 0.05; GlyG17: 1.5-fold increase, P = 0.072; Fig. 4A)
when compared with medium control or AL55.
G17 showed a trend to significantly increase UtMVEC secretion
of HB-EGF (2.3-fold increase compared with medium control,
P = 0.053), whereas GlyG17 had a significant effect (1.7-fold
increase, P = 0.041; Fig. 4B) when compared with medium control
and also when compared with AL55. G17 significantly increased
HMVEC-D shedding of HB-EGF (4.5-fold, P = 0.005), whereas
GlyG17 had no significant effect when compared with medium
control and also when compared with AL55.
Effect of G17 on angiogenesis in an embryonic chick model.
Angiogenic effects in the vicinity of the LVA were compared with
the untreated RVA in the same embryo.
The vehicle control produced no noticeable effect on the LVA
at the site of treatment (Fig. 5A). The standard positive control
angiopoietin-1 produced proangiogenic effects in two of three
chick embryos, including increased branching of the LVA and
anterior vittaline vein (embryo 1) and increased disjointed
branching of the LVA (embryo 2) with the third embryos showing
no effect over control. G17 also produced proangiogenic effects in
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Figure 5. MVD in the large intestine. A, PBS vehicle
control (left ) and G17 treatment control (right) showing
pronounced branching from the LVA (circled ). B,
omeprazole treatment of APCMin mice significantly
increased MVD in their large intestine compared with
the vehicle control treated group (P = 0.001, one-way
ANOVA; n = 3-4 mice/condition, n = 8 observations
per section). C, CD34 labeling of APCMin mice
showing endothelial cells in omeprazole-treated (right )
and vehicle control (left) large intestine.

two of three embryos, including generally increased branching
throughout the chorioallantoic membrane, with pronounced
branching stemming from the LVA at the site of compound
treatment (embryo 1 and 3).
Effect of omeprazole-induced hypergastrinaemia on microvessel density of large intestine in the APCMin mouse model.
Histologic sections of APCMin mouse large intestine treated with
either vehicle control or the proton pump inhibitor omeprazole
(n = 3-4 mice per condition) were assessed for microvessel
density (MVD; n = 8 observations per section). Omeprazole
treatment in the APCMin mouse model is associated with
hypergastrinaemia, and previous studies have shown that at the
concentration used (75 mg/kg), serum gastrin levels can rise to
102 pmol/L (29). This elevation in gastrin was shown to correlate
with a significant 2-fold increase in MVD as shown in Fig. 5B
(P = 0.001, one-way ANOVA). Representative views of the
angiogenic response in control and hypergastrinaemic mice are
shown in Fig. 5C.
Relationship of serum-amidated gastrin levels to MVD in
human colon tumors. To clarify the clinical significance of the
previous findings, a series of 31 human colorectal primary tumor
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specimens and adjacent normal colonic mucosa were stained with
antibodies directed against CD31 and HB-EGF to measure MVD.
Staining intensity of both variables was related to fasting serumamidated gastrin levels.
The MVD of resection margin normal colonic mucosa significantly correlated with fasting serum gastrin levels (P = 0.003,
Pearson correlation = 0.524) and HB-EGF protein staining intensity
(P = 0.026, correlation = 0.420), whereas tumor MVD showed a
trend to correlating with fasting serum gastrin levels (P = 0.07) and
significantly correlated with HB-EGF staining levels (P = 0.015,
correlation = 0.438).

Discussion
The first study linking gastrin with increased gene expression of
HB-EGF was in the rat gastric epithelial cell line RGM1, engineered
to overexpress the CCK-2 receptor (17). Processing of cellassociated pro-HB-EGF to the secreted form was also enhanced
by gastrin treatment. Gastrin-induced HB-EGF expression was
confirmed as being via a PKC/extracellular signal-related kinase–
dependent pathway (17). Furthermore, in hypergastrinaemic
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transgenic mice shown to develop gastric cancer over a 20-month
timeframe, HB-EGF was up-regulated within gastric mucosa at
premalignant stages during cancer development (30).
In the current study, these findings have been extended to
reveal that both amidated and glycine-extended G17 have a
functional output in terms of angiogenesis, inducing node
formation and branching in the genetically unmodified human
umbilical vein endothelial cell line, HUVEC, to the same degree
as VEGF. This is in agreement with the findings of Lefranc et al.
in an in vivo glioma model (19). In this present study, the effects
have been shown to be mediated via CCK-2 receptor isoforms,
with CCK-2R antagonism reversing the angiogenic response
induced by both peptides.
An in vivo pilot study using the chorioallantoic membrane
system identified a potential proangiogenic role for G17. Increased
angiogenesis was also showed in the APCMin mouse model
following proton pump inhibitor–induced hypergastrinaemia and
in colonic tissue in hypergastrinaemic patients with colonic
adenocarcinoma. These results suggest that gastrin-induced
angiogenesis may play a role in cancer progression, particularly
as CCK-2R have been shown to be expressed by a range of
premalignant gastrointestinal lesions, including colonic polyps
(31), intestinal metaplasia (32), and Barrett’s esophagus (33).
G17 and GlyG17 both increased HB-EGF gene expression and
pro-peptide processing to the secreted form in both HUVEC and
microvessel-derived endothelial cell lines, with HB-EGF being
implicated, at least in part, in the proangiogenic effects of gastrin
as shown by the antiserum HB-EGF neutralization assays. Despite
the presence of goat IgG reducing the overall sensitivity of
HUVEC to G17 and GlyG17 (Fig. 3E), when comparing the two
peptides, G17 seemed the more potent at stimulating HB-EGF
gene and protein expression in all three endothelial cell lines
tested. This may reflect different receptor subtypes that may
potentially mediate the effects of GlyG17. HB-EGF is known to
promote neovascularization in vivo (34), and this effect may
therefore be enhanced in conditions of hypergastrinaemia, which
occur in a number of clinical scenarios, such as Helicobacter
pylori infection and following treatment with proton pump
inhibitors (35).
There are multiple reports of MMP involvement in HB-EGF
ectodomain shedding, and a number of members of this family
have been identified as sheddases, including the stromelysins
MMP-1 and MMP-3, gelatinases MMP-2 and MMP-9, and the
matrilysin MMP-7 (27, 28, 36, 37). Gastrin-induced up-regulation of
MMP-3, MMP-2, and MMP-9 in HUVEC cells was confirmed in the
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