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Colorectal cancers express significant amounts of
mmature glycine-extended gastrin (G-Gly) and G-Gly
s able to stimulate cell proliferation in colonic cell
ines and mucosa. Here we wished to investigate
hether G17-Gly promote the invasiveness of LoVo
uman colonic cancer cells, a process which requires
egradation of extracellular matrix by proteases and
oncomitant induction of cell migration. We confirmed
hat LoVo cells express gastrin and gastrin/CCK-B re-
eptor mRNAs. We showed that these cells secrete ma-
rix metalloproteinase (MMP)-1, -2, and -9. The func-
ion of MMP being to degrade components of
xtracellular matrix, they may thus favor cell migra-
ion. As compared to controls, G17-Gly (1027 to 10212 M)
ignificantly enhanced about two to three times the
oVo cell migration through Matrigel, an artificial
asement matrix barrier. Moreover, G17-Gly in-
reased and gastrin/CCK-B receptor antagonists de-
reased MMP secretion in conditioned culture media
f LoVo cells. Our findings show that physiological
oses of incompletely processed form of gastrin in-
uce the invasiveness of tumor cells in vitro and
uggest a novel potential role for this peptide in the
etastatic process of colonic cancers in vivo. © 2001

cademic Press

Key Words: glycine-extended gastrin; matrix metal-
oproteinase; colon cancer cell; CCK-B receptor antag-
nist; zymography; cell invasion.

Gastrin is a peptidic hormone essentially secreted by
astric antrum and proximal duodenum, which be-
ongs to the same family as cholecystokinin (CCK), and
hares with it the same membranous gastrin/CCK B
eceptor. It is synthesized as a progastrin precursor
hat undergoes proteolytic cleavages to a mature 17-
mino acid C-terminally amidated form of gastrin (G-
7). Posttranslational processing intermediates of gas-
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opyright © 2001 by Academic Press
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roduced in significant amounts in colonic cancers
hich, often, do not contain fully processed amidated
17 (1–4). Recently, widespread expression of progas-

rin and G-Gly immature forms has also been found in
olonic polyps (5).
For a long time, amidation of gastrin was thought to

e an essential prerequisite for biological activity. We
nd others have shown that, whether endogenous or
xogenous, amidated G17 exerts growth-promoting ef-
ects on normal human gastrointestinal mucosae (6–9).
owever, the role of gastrin in the development of

olorectal cancers has been controversial for many
ears (6, 10, 11). Although nonamidated gastrin pre-
ursors were initially thought to be biologically inac-
ive, G-Gly, in 1994, has been reported to have a pro-
iferative effect on tumor pancreatic cells (12). Since
hat time, other studies have shown that non-amidated
astrins can stimulate the normal and neoplastic gas-
rointestinal cell proliferation both in vitro (13–16) and
n vivo (17–19).

These findings prompted us to explore whether im-
ature G-Gly may also play a role in colon cancer cell

nvasion. We chose to work on the LoVo human colon
ancer cell line because it expresses gastrin and se-
retes small amounts of the glycine-extended hep-
apeptide G17-Gly (16, 20) and because G17-Gly has
een found to exert growth promoting effects on LoVo
ells (15, 16). Since the tumoral invasion is dependent
ainly on the degradation by proteases of extracellular
atrices and concomitant induction of cell movement

21–23), we investigated also whether LoVo cells pro-
uce some matrix metalloproteinases (MMP) that may
avor cell migration. The present study is the first to
how that G17-Gly is able to stimulate the invasive-
ess of colon cancer cells in vitro.

ATERIAL AND METHODS

Cell culture and reagents. LoVo cell line, derived from a human
olon adenocarcinoma metastase, was purchased from the European
ollection of Cell Culture. Cells from passages 5–20 were grown in
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0% fetal calf serum (FCS) (GIBCO BRL, Eragny, France) in a
umidified atmosphere containing 5% CO2 at 37°C. Medium was
hanged 3 times weekly.
Human G-17-Gly was purchased from Neosystem (France). Two

elective gastrin/CCK-B receptor antagonists were used: CI-988 (or
D 134308) (12, 16) purchased from RBI (Sigma) and YM022 (15, 24,
5) (gift of Yamanouchi Pharmaceutical Research, Japan).

RNA extraction and reverse transcription polymerase chain reac-
ion (RT-PCR). Total RNA was extracted from harvested LoVo cells
sing Trizol-Reagent (GIBCO BRL). First-strand cDNA was synthe-
ized from 1.6 mg of total RNA using murine reverse transcriptase
nd the first strand cDNA synthesis kit from Pharmacia Biotech
Uppsala, Sweden). Specific primers for human MMP-1, MMP-2 and

MP-9 (26) produced DNA amplicons of 786-, 605- and 243-bp,
espectively. Human gastrin cDNA was amplified from base 8 to base
17 (GenBank Accession No. EO1795) with the following specific
rimers: sense, 59-CAGCGACTATGT-GTGTATGTGCTG-39; anti-
ense, 59-TGCTCGAGGATTGTTAGTTCTCATC-39, the reaction gen-
rating a 309-bp amplicon. Specific primers for gastrin/CCK-B re-
eptors were: sense, 59-ATGCTCATCATCGTGGTCCTG-39; antisense,
9-AGTGTACACGGGGTAGGG-CAC-39 (15), the reaction generating
DNA amplicon of 362-bp. The cDNA mixture was amplified by

T-PCR in a final volume of 50 ml, with 25 pmoles of each primer.
orty amplification cycles were performed consisting of denaturation
t 95°C for 1 min (MMPs) or 3 min (gastrin and gastrin/CCK B
eceptor), annealing at 60°C (MMP and gastrin/CCK B receptor) or
t 55°C (gastrin) for 1 min and polymerization at 72°C for 2 min. The
mplification was terminated by a final extension at 72°C for 10 min.
he PCR products (10 ml samples) were subjected to electrophoresis

n 1% agarose gel previously stained with ethidium bromide and the
ands were visualized under UV illumination. For negative controls,
he reaction was performed without reverse transcriptase and, for
ositive controls, it was performed with b-actin specific primers.

In vitro cell invasion assays. Assays were performed as previ-
usly described (22, 23). Briefly, 8-mm pored Transwell filter cham-
ers (Corning-Costar, Cambridge, MA) were used. The upper side of
olycarbonate membranes was coated with Matrigel, a reconstituted
asement membrane matrix (Becton Dickinson, Bedford, MA), di-
uted to 5 mg/ml. Cells (5 3 104) were seeded in the upper compart-

ent containing FCS-free medium with 0.1% BSA (Sigma). G17-Gly
as added to the same medium in the lower compartment at differ-
nt concentrations, 0 (control) or 1027 to 10212 M. The chambers were
ncubated for 6 or 24 h at 37°C to allow the cells to migrate from the
pper chamber towards the lower chamber. At the end of the exper-

ment, the nonmigratory cells on the upper surface of the membranes
ere removed with a cotton swab without touching the lower surface.
he cells which had migrated through the Matrigel 1 membrane
arrier and were attached to the lower surface of the membrane were
xed in methanol and stained with toluidine blue. They were
ounted at high-power magnification (3400), using a calibrated oc-
lar grid, in 10 different representative areas on each filter mem-
rane. The mean value for each invasion assay was obtained by
veraging mean values from 3 to 6 wells. Several independent sets of
xperiments were performed.

Zymography. Serum-free conditioned media were collected from
ormal culture or from upper Transwell compartments after inva-
ion assays. Zymographies were performed as reported (22, 23). The
bsence of phenol red in the culture medium allowed measurement
f protein concentration using the Biorad protein assay (Biorad,
ercules, CA). Proteins (40 mg loaded onto each lane) were separated
y sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis
ontaining 1 mg/ml of gelatin or casein. After protein migration, gels
ere stained for 1 h in 30% methanol/10% glacial acetic acid solution

ontaining 1.5% (w/v) Coomassie blue then destained in the same
olution in the absence of dye. Unstained areas corresponded to
ones of MMP proteolytic activities. For some experiments, the di-
137
ested bands were scanned, then their surface and densitometry
ere measured with the NIH Image 1.61/ppc program.

Statistical analysis. Values were expressed as means 6 1 SEM.
ultiple comparisons were analysed by one-way ANOVA followed by

he t test for comparison between two groups. The level of statistical
ignificance was set at P , 0.05.

ESULTS

LoVo human colonic cells express gastrin, gastrin/
CK-B receptor, and MMP mRNAs and secrete MMP.
esults of RT-PCR showed that LoVo cells expressed
astrin and gastrin/CCK B receptor mRNAs (Fig. 1).
Since the function of MMPs is to degrade the extra-

ellular matrix and basement membrane, which may
elp cell migration through Matrigel, we analyzed the
otential ability of LoVo cells to secrete MMPs. It was
ound that LoVo cells expressed mRNAs of MMP-1
ollagenase, MMP-2 and MMP-9 gelatinases (Fig. 2A).
nalysis of zymograms from their conditioned culture
edia confirmed the secretion of proteases by LoVo

ells. Gelatin zymograms revealed two bands of proteo-
ytic activities, one at 92 kDa, molecular weight corre-
ponding to that of the latent form of MMP-9, the other
t 62 kDa, which corresponds to the molecular weight
f the active form of MMP-2. One proteolytic band was
etected on casein zymograms at about 50 kDa which
ould correspond, among other MMPs of similar molec-
lar weight, to MMP-1 (Fig. 2B). These 3 MMPs are
nown to be involved in colonic carcinogenesis; no at-
empt was made to detect the presence of other MMPs.

Gastrin 17-Gly promotes LoVo cell invasiveness.
e then investigated the capability of G17-Gly of stim-

lating the invasiveness of LoVo cells in vitro. Repre-
entative photographs of Transwell membranes after

FIG. 1. RT-PCR from LoVo cell extracted RNA showing DNA
mplified sequences with the expected size of 309 bp for gastrin and
62 bp for gastrin/CCK B receptor. Molecular weight markers are
ndicated on the left. The amplification by RT-PCR of a b-actin cDNA
equence generating a 606-bp DNA amplicon served as positive
ontrol. C, negative control performed without reverse transcriptase.
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ifferent conditions of incubation are shown in Figs. 3A
nd 3B. Control LoVo cells cultured in FCS-free me-
ium were spontaneously invasive and the numbers of
nvading cells increased with time, from 4.7 6 1.5 cells
o 30.4 6 4.6 cells per ocular grid after 6 and 24 h
ncubation, respectively. When G17-Gly was added
nto the medium of the lower compartment, the inva-
iveness of LoVo cells was significantly enhanced (P ,
.05 to P , 0.01 in comparison with control cells),
hatever the duration of invasion assay or the peptide

oncentration (Fig. 4). Thus, invading cells were about
times and 2.25 times more numerous after 6 and 24 h

ncubation in the presence of G17-Gly, respectively. In
hose assays, it was checked by careful microscopic
xamination that invading cells were all isolated (see
ig. 3A for instance). This assured us that results could

ndeed be attributed to an invasive-promoting effect of
17-Gly on LoVo cells and not, if hypothetically equal
umbers of control and gastrin-treated cells had
rossed the barrier, to a proliferative effect of G17-Gly.

MMP secretion is influenced by gastrin. After-
ards, we wished to investigate whether G17-Gly was
ble to modulate MMP secretion. In a first time, in
rder to test this hypothesis, we performed zymogra-
hies from some conditioned culture media collected at
he end of invasion assays. There was an increase in
he gelatinase expression in media of LoVo cells incu-
ated in the presence of G17-Gly, as compared to media
f control cells. This increase was confirmed by densi-
ometric analysis and was concomitant to the stimula-
ion of cell invasiveness (Fig. 5A). Second, cells were

FIG. 2. Detection of MMPs. (A) RT-PCR from LoVo cell extracte
or MMP-2, and 243 bp for MMP-9. Molecular weight markers ar
ymographies from conditioned media. Cells were FCS-deprived for
roteins were loaded onto each lane. Two bands on the gelatin gel indi
orm of MMP-2 at 62 kDa. One band at 50 kDa was detected on the
d RNA showing DNA amplicons of expected 786 bp for MMP-1, 605 bp
e indicated on the left. C, control without reverse transcriptase. (B)
24 h and cultured in medium lacking phenol red. Forty micrograms of
cated the presence of the latent form of MMP-9 at 92 kDa and the active
casein gel, which could correspond to MMP-1.
138
FIG. 3. Effect of 6-h incubation (A) or 24-h incubation (B) with
17-Gly on the invasiveness of LoVo cells in invasion chamber. Cells
ere seeded on Matrigel coating the upper side of the Transwell
orous membrane and cultured in FCS-free medium. G17-Gly was
dded in the lower compartment. Each panel is a representative
hotograph of the lower side of membranes showing pores (arrow
eads) and invading cells having migrated across Matrigel 1 mem-
rane, some retaining elongated shape (arrows). (A) High magnifi-
ation; (B) low magnification.
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ormally cultured on plastic flasks for 3–4 days in
edium supplemented with FCS, then for 24 h in
CS-free medium. At the end of this period, two CCK-B
eceptor antagonists, CI-988 or YM222 (1028 M), were
dded to freshly renewed FCS-free medium. After 24 h
f culture, media were collected and zymographies
hen densitometric analysis of the digested bands ob-
ained were performed. Figure 5B shows that the two
olecules decreased the expression of MMP-2 and
MP-9 in media, indicating a diminution in the pro-

uction of MMPs by the cells and, consequently, some
egree of endogenous gastrin implication in that
roduction.

ISCUSSION

Since the report of the growth-promoting effect of
-Gly on pancreatic cells by Seva et al. (12), the inter-
st in studying the potential biological activities of
ncompletely processed forms of gastrin and their
athophysiological consequences has been renewed.
hat these forms may function as autocrine growth

actors has emerged as a new concept. Our present
ndings provide the first evidence that the glycine-
xtended processing intermediate G17-Gly is capable
f activating the invasion of extracellular matrix by
uman colonic cancer cells in vitro.

FIG. 4. Estimation of the number of invading cells after incuba-
ion of LoVo cells in the presence of G17-Gly for 6 or 24 h. Cell counts
mean 10 per well) were performed at 400 magnification. Each col-
mn represents the mean of assays performed in triplicate or sextu-
licate. Results are expressed in percent of control values. Invading
ells were 2.25 to 3 times more numerous in the presence of G17-Gly.
, control cells. * P , 0.05; ** P , 0.02; *** P , 0.01 as compared
ith control cells.
139
eleased a specific subset of MMPs in their culture
edia. MMPs are key enzymes in tumoral invasion;

heir function being to degrade components of the ex-
racellular matrix, the migration of LoVo cells across
atrigel, an artificial reconstituted basement mem-

rane matrix, became theoretically possible. Then, we
onfirmed that LoVo cells express both the genes of
astrin (16, 20) and of gastrin/CCK B receptor (15,
0). Recently, some investigators detected noticeable
mounts of G17-Gly in media of LoVo cells (16). In the
urrent study, exogenous G17-Gly, originally tested in
ur model, stimulated the spontaneous invasiveness of

FIG. 5. Factors influencing MMP production. (A) Zymograms
rom conditioned culture media of Transwell upper compartments
ollected at the end of invasion assay. When G17-Gly was introduced
nto the FCS-free culture medium, increased cell invasion was asso-
iated with increased MMP-2 expression in this medium. This was
onfirmed by densitometric analysis of the digested bands. C, control
ells. (B) Effect of CCK-B receptor antagonists. Cells were FCS-
eprived for 24 h, then cultured again for 24 h in fresh FCS-free
edium in presence of YM022 or CI-988 at 1028 M and gelatin

ymographies performed at the end of the experiment. The expres-
ion of MMP-2 and MMP-9 was decreased by the two antagonists.
his was confirmed by densitometric analysis. C, control.
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he cell invasiveness was observed as early as 6 h after
ncubation of cells in the presence of G17-Gly, and at
oncentrations of the peptide within the physiological
ange (10210 to 10212 M). Also very interesting is to note
hat the maximal stimulating effect of G17-Gly on the
roliferation of LoVo cells has been found to be about
40 (16) or 165% (15) of control values, whereas the
romoting effect on the cell invasiveness was stronger,
eaching 225–316% of control values. These findings
uggest that the significant amounts of G-Gly secreted
y some epithelial colonic tumors may have potential
mplications in their malignant progression.

Furthermore we found that, when LoVo cells were
ultured onto Matrigel in the presence of G17-Gly, the
ncreased number of invading cells was associated with
n increase in gelatinase expression in conditioned
edia at the end of invasion assay. Finally, in normal

ulture conditions, incubation of LoVo cells with two
elective gastrin/CCK-B receptor antagonists resulted
n decreased MMP activity in the culture media. These
wo latter results would suggest that the small endog-
nous production of G17-Gly form by LoVo cells is able
o influence the MMP production and that action ap-
ears mediated by gastrin/CCK-B receptors. However,
ntil now, the precise receptors mediating, for in-
tance, the trophic actions of progastrin and G-Gly
emain uncertain and it is not clear if there is one or
everal (13, 15, 16, 29). As recently proposed by Dock-
ay (30), it is conceivable that a modified version of the
astrin-CCK B receptor, perhaps generated by alter-
ative splicing, mediates the effects of these immature
orms of gastrin, but at present this idea is largely
peculative. In the present work we used a very potent
astrin/CCK-B receptor antagonist, YM022. This com-
ound displays a binding affinity in the nanomolar
ange for the gastrin/CCK B receptor and a 900 times
igher selectivity for this receptor over the CCK A
eceptor (25). Moreover, it has been shown that YM022
nhibited the proliferative effect of G17-Gly on LoVo
ells (15). Future studies should be carried out to try of
etermining which receptors mediate the new actions
f G-Gly described here.
Focusing on the colon, G-Gly has been reported to

xert growth-promoting effects on nontransformed and
ancerous colonic cell lines in vitro (13, 15, 16) and
uman colonic cancer in vivo (19). Overexpression of
ither progastrin or G-Gly in transgenic mice has been
ound to result in increased cell proliferation in the
olonic mucosa (17, 18). Recently, mice overexpressing
rogastrin have been shown to be predisposed for de-
eloping aberrant colonic crypt foci, adenomas and car-
inomas in response to a chemical carcinogen (27, 28).
ur current study extends the role of G17-Gly to colon

ancer invasion.
In conclusion, we have shown that immature G17-
ly is involved in tumor cell invasiveness in vitro. Our
140
ole for incompletely processed forms of gastrin in co-
onic cancer progression in vivo.
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