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Gastric Cancer Cell Lines as Models to Study Human
Digestive Functions
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Abstract The present investigation aims at defining the functional status of several gastric cancer cell lines in order
to assess their usefulness as adequate cellular models to study the regulation of gastric digestive functions. Compared to
AGS, Hs746t and KATO-III cells, NCI-N87 exhibited an unique differentiation status. They formed coherent monolayers
expressing E-cadherin and ZO-1 junctional proteins; their integrity and epithelial morphology were maintained at post-
confluency for up to 10 days. All cell lines synthesized PAS-reactive (mucous-type) glycoconjugates. However, only
NCI-N87 cells expressed MUC6 glycoprotein suggesting a mucopeptic phenotype. Immunostaining, enzymatic assays,
Western blotting and Reverse Transcriptase polymerase chain reaction (RT-PCR) revealed that all cell lines contained
varying levels of pepsinogen (Pg5) and human gastric lipase (HGL). Only NCI-N87 cells were able to express zymogens
at higher levels, in granule-like structures, and to efficiently secrete both HGL and Pg5. The addition of epidermal growth
factor (EGF) to post-confluent NCI-N87 cells, which exhibit an abundant membrane staining for EGF-receptors, modu-
lated HGL activity without affecting Pg5. In conclusion, this investigation enlightens the potential usefulness of the
gastric cell line NCI-N87 as a model for elucidating the cellular and molecular mechanisms involved in the regulation of

human gastric epithelial functions. J. Cell. Biochem. 81:241-251, 2001. © 2001 Wiley-Liss, Inc.
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The human gastric glands assume the synth-
esis and secretion of several bioactive substan-
ces into the lumen i.e., mucus, hydrochloric
acid and zymogens. Apart from its role regard-
ing the digestion of dietary proteins via the
release of pepsinogen from chief cells [Defize,
19801, another important aspect of gastric phy-
siology pertains to the digestion of fat. In hu-
mans, this function is assumed by the existence
of a gastric lipase (HGL) co-localized with pep-
sinogen-5 (Pgb) in secretory granules [Moreau
et al., 1988]. This co-localization is a unique
feature of human gastric chief cells since both
zymogens are either expressed in different gas-
tric cell types [Carriere et al., 1992; Descroix-
Vagne et al., 1993] or distinct zymogenic cell
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populations [Bernadac et al., 1991] in animal
models. Gastric triglyceride digestion is a
prerequisite for optimal intestinal lipolysis
[Carriére et al., 1993]. Furthermore, the impor-
tance of HGL increases in the context of peri-
natal physiology [Hamosh et al.,, 1981; Lee
et al., 1993] and pathological conditions asso-
ciated with pancreatic insufficiency [Abrams
et al., 1987]. Therefore, it is important to clearly
understand the molecular mechanisms control-
ling the synthesis and secretion of human chief
cell digestive enzymes.

Adequate in vitro models must be made avai-
lable in order to identify specific regulators of
gastric epithelial functions and their under-
lying mechanisms of action. In vivo, the stem
cell population, responsible for renewing the
entire gastric epithelium, is located in the isth-
mus compartment. Following division, the cells
migrating upward differentiate into pit and
surface mucous cells which secrete MUC5
mucin while those migrating downward differ-
entiate into mucous neck cells expressing
MUCEG6 [De Bolos et al., 1995; Ho et al., 1995;
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Bartman et al., 1998], as well as into parietal,
endocrine, caveolated and chief cells. It is
important to note that mucous neck -cells
further differentiate into pre-zymogenic cells
which in turn give rise to mature zymogenic
chief cells [Karam and Leblond, 1992]. Avail-
able epithelial cell lines, isolated from human
gastric carcinomas, exhibit different morpho-
logical characteristics and have preferentially
been used to study the implication of specific
hormonal systems in the context of oncogenesis
and cellular transformation. For instance, met-
astatic Hs746t cells display irregular squa-
mous-fibroblastoid phenotypes in culture
[Smith, 1979]. KATO-III cells, which grow in
suspension and have a rounded phenotype, are
known to produce transforming growth factor-
B [Mahara et al., 1994], EGF-like substances
[Naef et al., 1996], and to express the K-sam
protein amplified in stomach cancer and highly
homologous to the keratinocyte growth factor
(KGF) receptor [Hattori et al., 1990]. AGS cells
rather form dense monolayers of polygonal
cells responsive to insulin-like growth factor-1
(IGF-1) and gastrin [Guo et al., 1993; Ishizuka
et al., 1992]. Finally, the poorly characterized
NCI-N87 cell line has been shown to produce
several ligands of the EGF family [Naef et al.,
1996]. The potential usefulness of these gastric
cancer cell lines for elucidating the process of
human gastric epithelial functional differentia-
tion, especially the chief cell lineage, has never
been addressed. Such an application appears
important since no normal human gastric
epithelial cell line exists. In comparison, our
organ culture technique [Ménard et al., 1993]
and the new primary culture system of gastric
epithelial cells [Basque et al., 1999] have
served to study the expression of gastric
digestive enzymes [Tremblay et al., 1999;
Basque and Ménard, 2000]. However, these
culture systems present important limitations
regarding the availability of human specimens.
Consequently, using representative AGS,
Hs746t, KATO-III and NCI-N87 gastric cancer
cell lines, we performed a detailed analysis of
their functional differentiation status (junc-
tional proteins, tyrosine kinase receptors,
mucous, chief cell digestive enzymes) using
cytochemistry, immunofluorescence, western
blotting and RT-PCR. The current investiga-
tion reveals for the first time that gastric
carcinoma cells display a multipotentiality for
expressing mucigenic and zymogenic differen-

tiation markers. Furthermore, NCI-N87 cell
line represents the most promising model in its
unique capacity to form tight and coherent
monolayers (cell—cell junctions), to be main-
tained at post-confluency, to express MUCG6
protein, and to efficiently synthesize and
secrete significant levels of HGL and Pg5.

MATERIALS AND METHODS
Cell Culture and Tissues

AGS (CRL 1739), Hs746t (HBT 135), KATO-
IIT (HBT 103) and NCI-N87 (CRL 5822) cell
lines isolated from human gastric carcinomas
were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). They were
initially propagated in RPMI 1640 or Minimal
Essential Medium (MEM) (Gibco BRL/Life
Technologies, Burlington, Ontario, Canada)
supplemented with antibiotics (penicillin/
streptomycin from Gibco) and 10% (v:v) heat-
inactivated fetal bovine serum (CELLect Gold
FBS from ICN, Montreal, Québec, Canada), as
recommended. These nutrients supported ra-
pid growth but we observed that a DMEM:F12
(1:1, v:v) mixture optimized cell attachment
and well density compared to previous medium
formulations (unpublished observations). There-
fore, DMEM:F12 was used as a routine culture
medium in our experiments. Adult gastric
biopsies were available for this study. For
each patient (two males and one female; ages
40-64), nondiseased samples from fundic and
corpus regions of the stomach were confirmed
by a pathologist. None of the patients received
treatment before surgery and all tissues were
processed within 1 h of procedure. Tissue colle-
ction was approved by the Institutional Human
Research Review Committee of the Université
de Sherbrooke for the use of human material.

Immunofluorescence (IF) and Cytochemistry

For histochemical studies performed on
gastric cell lines, cells were seeded on sterile
glass coverslips and allowed to reach high
density or confluency before processing. For
tissue histochemistry, biopsies were dissected,
embedded in Optimum Cutting Temperature
(OCT) compound and processed for cryomicrot-
omy as described previously [Tremblay et al.,
1997; Tremblay et al., 1999]. Specimens were
fixed in 3.7% formaldehyde for 10—15 min and
permeabilized with 0.1% Triton X-100 diluted
in phosphate buffered saline (PBS) for 3 min.
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Non-specific binding was blocked with 0.2%
bovine serum albumin (BSA, fraction V) in PBS
(pH 7.4) or fish gelatin (both obtained from
Sigma, St-Louis, MO). Cells and tissues were
successively incubated inside humidified cham-
bers with primary antibodies and fluorescein
isothiocyanate (FITC)-conjugated secondary
antibodies (see below) diluted in BSA-PBS for
60 min and 45 min respectively. Extensive
washing with PBS was performed between each
step. Coverslips were mounted on glass slides
with glycerol:PBS (9:1) and sealed with nail
polish. Fluorescent staining was observed on a
Reichert Polyvar microscope (Leica Canada,
St-Laurent, Québec, Canada) equipped for
epifluorescence and photographed on Kodak
Tri-X Pan film (400 ASA). Conventional Bowie
and Periodic acid Schiff (PAS) dye stainings
were performed on cell cultures to detect
pepsinogen granules and glycoconjugates res-
pectively. For Bowie, cells were fixed for 12 min
in Regaud’s fluid (3% (w/v) potassium bichro-
mate in formaldehyde solution), incubated for
10 s in Bowie solution (Biebrich scarlet/Ethyl
violet precipitate dissolved in ethanol), then
differentiated in acetone, acetone:xylene and
xylene solutions. The presence of pepsinogen was
revealed by a dark violet cytpoplasmic staining.

Gel Electrophoresis and Western
Immunobloting (WB)

Before collecting cell lysates and culture
media, confluent cells grown in 25 cm? flasks
were maintained without serum for 24 h. Total
proteins from cells and media were collected in
20 mmol/ml Tris-HCI (pH 6.8) and processed in
conventional 2 x solubilization buffer [Basque
et al., 1999]. Aliquots (60—80 pg of prot/well
assayed with Folin reagent [Lowry et al.,
1951]) were resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS/PAGE)
using 12% polyacrylamide and transferred to a
Trans-Blot membrane (BIORAD, Mississauga,
Ontario, Canada). The membranes were blocked
overnight in 0.2% casein-PBS, then incubated
with the same primary antibodies (see below)
and amplification was achieved using the
‘Western-Light Plus’ chemiluminescence pro-
tein kit (Tropix, Bedford, MA).

Antibodies

Primary antibodies: Anti-human EGF recep-
tor (1:100 for IF, 1:1000 for WB, mouse mono-

clonal, Upstate Biotechnology Inc., Lake Placid,
NY); anti-human KGF receptor (anti-bek 1:50
for IF, rabbit polyclonal, Santa Cruz Lab., Santa
Cruz, CA); anti-human HGF receptor (1:75 for
IF, rabbit polyclonal, Santa Cruz); anti-IGF-1
receptor (1:50 for IF, mouse monoclonal, Onco-
gene Science/Canadian Bioclinical, Scarbor-
ough, Ontario, Canada); anti-human E-
cadherin (1:800 for IF, Transduction Lab.,
Lexington, KT); anti-human ZO-1 (1:500 for IF,
Zymed Lab., San Francisco, CA); anti-human
MUC6 mucin (1:500 for IF; 1:1000 for WB,
Novocastra Lab., Newcastle, UK); anti-human
fundic pepsinogen or Pg5 (1:150 for IF, guinea
pig polyclonal, kindly provided by F. Carriére
and R. Verger); anti-human gastric lipase or
HGL (1:2000 or IF, 1:1000 for WB, rabbit poly-
clonal, given by A. de Caro and R. Verger). FITC-
conjugated secondary antibodies for IF: Anti-
mouse and anti-rabbit Ig (1:30, sheep monoclo-
nal, Boehringer Mannheim Canada, Laval,
Québec, Canada) and anti-guinea pig Ig (1:64,
goat monoclonal, Sigma). Biotin-conjugated
secondary antibodies for WB: Anti-mouse Ig
(1:20000, Tropix),anti-rabbitIg(1:10000, Tropix).

RT-PCR

Cells grown in 25-cm? flasks were lyzed in
TRIZOL solution (Gibco). Total RNA was quan-
titated by spectrophotometry and its integrity
verified by ethidium bromide staining. Reverse
transcriptase Superscript (Gibco) and 0.5 ug
of oligo (dT);2_15 primer (Amersham Canada,
Oakville, Ontario, Canada) were added to 5 pg
of total RNA, as described previously [Basora
et al., 1999]. HGL was amplified using the
following primers: LIP-1 (5'-CTGAGGAAACT-
GCAGGTCCA-3') and LIP-2 (5-AGAAGCACT-
GCA TGTCAAAC-3) amplifying a band of
1300 pb. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was also amplified using the
following primers: GAPDH-1 (5-CCACCCAT-
GGCAAATTCCATGGCA-3') and GAPDH-2 (5'-
TCTAGACGGCAGGTCAGGTCCACC-3'). Fol-
lowing reversed transcription, single-stranded
c¢DNA was amplified in PCR buffer (Amersham)
containing 0.25 pM of both sense and antisense
primers for 25 cycles of denaturation (1 min at
94°C), annealing (1 min at 55°C), and extension
(1 min at 72°C) in a thermal cycler (Perkin
Elmer DNA Thermal cycler model 480) in the
presence of 250 uM dNTPs and 2.5 units of Taq
(Roche Molecular Biochemicals, Laval, Québec,
Canada).



244 Basque et al.

Enzymic Assays

Pepsin and lipase activities were measured
in confluent cells and the media collected in
25 ecm? culture flasks. Briefly, lipolytic activity
attributed to HGL in the presence of triglycer-
ides was determined using glycerol [**C]-trio-
leate (Amersham) as substrate and fatty acid
free-BSA (A-6003 from Sigma) as a carrier of
released fatty acids. After 60 min of incubation
at 37°C, free ['*Cl-oleic acid was separated
by liquid—liquid partition in chloroform:metha-
nol:heptane and quantitated on a beta scintil-
lation system. The specific activity of HGL was
expressed as nmol of free fatty acids released
per minute per milligram of protein. Pepsin
activity resulting from activation of pepsinogen
at acid pH was measured using 1 ml of acid-
denatured and dialysed hemoglobin (Sigma) as
substrate. Reaction was carried out at 37°C for
10 min and stopped with 6.2% (w:v) trichlor-
oacetic acid. The resulting free amino acid
products were separated by centrifugation and
quantitated by spectrometry using a L-tyrosine
standard. Specific pepsin activity was ex-
pressed in International Units (umol/min) per
milligram of protein. Protein content of the
homogenates was measured using the Folin
reagent [Lowry et al., 1951]. Recombinant hu-
man EGF (purchased from Collaborative Bio-
medicals, Becton Dickinson Labware, Bedford,

MA) is known to modulate HGL-mRNA and
activity in fetal gastric tissue [Tremblay et al.,
1997, 1999]. In order to evaluate its effect on
carcinoma cell lines, EGF was added for 48 h in

100 ng/ml concentration to 4-day postconfluent
NCI-N87.

RESULTS
Cell Growth and Morphology

Gastric carcinoma cells were routinely pro-
pagated in DMEM:F12 supplemented with 10%
FBS. These conditions optimized cell attach-
ment as well as culture density. In accordance
with previous data, AGS, Hs746t, KATO-III,
and NCI-N87 cells respectively exhibited poly-
gonal, squamous-fibroblastoid, rounded and
tightly knit-polyhedral phenotypes (Fig. 1). A
number of phenotypic variants were consis-
tently observed in all cultures, however. At
confluency, AGS cells formed dense monolayers
containing a proportion (~10%) of flattened
multinucleated cells and they remained as
sensitive to rounding as sub-confluent cells
upon fluid renewal or rinsing (absence of cell—-
cell junctions) (Fig. 1A). Also, Hs746t cells grew
more slowly than other cell lines, exhibited
contact-inhibition and contained a sub-popula-
tion of squamous multinucleated cells and
giant cells with ruffled borders at their cell

Fig. 1. Morphology of gastric carcinoma cell lines. Cell
phenotypes were examined using bright-field and phase-
contrast microscopy. Cultured on plastic, AGS formed a dense
monolayer of polygonal cells of irregular size (A). Hs746t cells
display several phenotypic variants of squamous and fibroblas-
toid cells (B). KATO-III cells were rounded and preferentially

grew in suspension (C). NCI-N87 cells grew as compact
colonies (D) and formed coherent monolayers. Their integrity
was maintained during postconfluency, as shown after 4 days (E)
and 10 days of culture (F). Magnification A-C=120, D=16,
E-F =60.
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Fig. 2. Detection of cell junction molecules. Indirect immuno-
fluorescence of junctional proteins was evaluated in cultured
NCI-N87 cells. After initial attachment, all cells expressed the
zonula adherens-associated E-cadherin at sites of cell—cell
contacts (A). E-cadherin became uniformly distributed at cell—
cell interfaces after reaching confluency (B, 10 days post-
confluence). ZO-1 protein associated with zonula occludens
was detected throughout the growing monolayer and properly
localized at intercellular contacts in small clusters (C) whose
size increased thereafter (D, 10 days postconfluence).
Maghnification = 120.

margins (Fig. 1B). KATO-III preferentially
grew in suspension with a few isolated cells
(no aggregates) attached to the substratum
(Fig 1C). NCI-N87 cells formed dense clusters
after plating and exhibited a typical colony
growing pattern (Fig. 1D). As opposed to pre-
vious models, confluent NCI-N87 monolayers
displayed a tight and coherent epithelial mor-
phology characteristic of a more polarized cell
line and could also be maintained at post-
confluency for up to 10 days (Fig. 1E, F).

Functional Epithelial Markers

The functional status of gastric cancer cells
was analyzed using several approaches. Firs-
tly, immunofluorescent staining of various epi-
thelial markers confirmed the more polarized
and differentiated phenotype of the NCI-N87
cell line. Following initial attachment, all cell
colonies were positive for the zonula adherens-
associated E-cadherin localized at sites of cell—
cell contacts (Fig. 2A). At post-confluency,
E-cadherin was uniformly distributed at the
periphery of cells (Fig. 2B). In addition, the ZO-
1 protein associated with zonula occludens or
tight junctions was similarly localized in small
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Fig. 3. Immunodetection of MUC6 mucin. Indirect immuno-
fluorescence (A) revealed a specific staining in mucous cells in
the neck in fundic glands of adult human stomach whereas the
superficial epithelium (arrows) and the base of the glands
(arrowheads) appear negative (Magnification = 30). MUC6 was
also evidenced in isolated cell clusters of NCI-N87 cells (B)
compared to negative AGS cells (C) (Magnification =120).
Western blot analysis (D) demonstrated the presence of MUC6
protein only in NCI-N87 (n) compared to AGS (a), Hs746t (h)
and KATO-III (k) cells. Keratin-18 (K18) was used as an internal
control.

cell clusters (Fig. 2C) that increase in size
during post-confluency (Fig. 2D). Secondly,
PAS staining was performed which revealed a
significant mucigenous reactivity (diffuse and
granular) in all cell lines (results not shown).
Furthermore, immunostaining against the
mucopeptic-type cell marker MUC6 glycopro-
tein revealed a positive granular reactivity in a
sub-population of NCI-N87 cells (Fig. 3B),
while AGS (Fig. 3C) and other cell lines were
totally negative. As verified herein, the tissue
distribution of MUC6 mucin was indeed limited
to mucous neck cells in adult gastric (fundic-
type) mucosa (Fig. 3A). Western blotting ex-
periments further established the presence of
MUC6 immunoreactivity in NCI cell line only
(Fig. 3D).

Chief Cell Zymogens

Conventional Bowie staining was performed
in all cell lines that revealed a positive cyto-
plasmic reaction, indicative of the presence of
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Fig. 4. Immunodetection of fundic pepsinogen (Pg5) in
gastric cancer cell lines. Indirect immunofluorescence (A) in
AGS (a), Hs746t (h), KATO-III (k) and NCI-N87 cells (n).
(Magnification=120). A sub-population of anti-Pg5 positive
NCI-N87 cells showed an intense granular staining. Specific
pepsin activity measured in cells (B) and media (C). Results are
expressed in pepsin units per milligram of protein and represent
the mean £ SEM of three separate experiments.

pepsinogen granules (not shown). Confirming
the nature of the latter enzyme, an immunoflu-
orescent, cytoplasmic-diffused anti-pepsinogen
(Pgh) staining was observed in subpopula-
tions of AGS, Hs746t and KATO-III cultures
(Fig. 4A). Only NCI-N87 cells were ubiqui-
tously stained and showed a granule-like
distribution in small clusters. Furthermore,
enzymatic assays confirmed the presence of a
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Fig. 5. Variation of pepsin activity in cultured NCI-N87 cells.
Specific activity was determined at different post-confluent
intervals (0, 4, 10 days) in both cell homogenates (A) and culture
media (B). Results are expressed in pepsin units per milligram of
protein and represent the mean=+SEM of three separate
experiments.

functional Pg5 protein exhibiting pepsin activ-
ity not only in cell homogenates (Fig. 4B) but
also in culture media (Fig. 4C) of all studied cell
lines, the activity being most abundant in NCI-
N87 cells. Of interest, we demonstrate that
NCI-N87 cells are able to continuously synthe-
size and secrete pepsinogen at post-confluency
(Fig. 5).

In order to further define the functional sta-
tus of these gastric cancer cell lines, the pre-
sence of HGL, another differentiation marker
of human chief cells, was assessed using immu-
nofluorescence (Fig. 6A). A weak cytoplasmic
staining was observed in a low proportion of
AGS and Hs746t cells (groups of positive cells
are shown). Even a smaller fraction (<1%) of
KATO-III cells were labeled. By contrast, NCI-
N87 cells exhibited an important cytoplasmic
reaction for HGL, and a granular localization
in specific cell clusters. Western blot analysis
and enzymatic assays (Fig. 6B—D) revealed the
presence of the 49 kDa HGL-protein in all cell
cultures, being less abundant in Hs746t cells
and predominant in NCI-N87 cells. Secretion
kinetics differed from those of Pg5: only the
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Fig. 6. Immunodetection of human gastric lipase (HGL) in
gastric cancer cell lines. Indirect immunofluorescence (A) in
AGS (a), Hs746t (h), KATO-III (k) and NCI-N87 cells (n)
(Magnification =120). A sub-population of anti-HGL positive
NCI-N87 cells showed a granule-like staining. Specific lipase
activity measured in cells (B) and culture media (D). Data are
expressed as nmol of free fatty acids released per min per
milligram of protein and they represent the mean + SEM of three
separate experiments. Western blot analysis (C) revealed the
predominance of HGL in NCI-N87 cells.
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Fig. 7. Variation of lipase activity in cultured NCI-N87 cells.
Specific activity was determined at different post-confluent
intervals (0, 4, 10 days) in both cell homogenates (A) and culture
media (C). Data are expressed as nmol of free fatty acids
released per min per milligram of protein and represent the
mean £+ SEM of three separate experiments. Representative
RT-PCR (B) was performed for HGL-mRNA analysis in cell
homogenates at the same culture intervals. GAPDH-mRNA
probe was used as an internal control.

NCI-N87 cell line could release significant
amounts of HGL. Moreover, lipase activity was
measured during post-confluency. While cellu-
lar HGL levels remained constant for up to 10
days in NCI-N87 (Fig. 7A), the activity con-
tinuously increased in culture media (Fig. 7C).
Standard RT-PCR analysis performed on total
RNA extracted from NCI-N87 cells confirmed a
concomitant increase of the transcript accord-
ing to post-confluency (Fig. 7B).

Growth Factor Systems and
Hormonal Regulation

The presence of specific growth factor recep-
tors associated with normal human gastric
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Fig. 8. Immunodetection of EGF-R and influence of EGF-
supplementation in gastric cancer cell lines. Indirect immuno-
fluorescence (A) in NCI-N87 cells (Magnification =120).
Western blotting of EGF-R (B) representative of four experiments
in AGS (a), Hs746t (h), KATO-IIl (k) and NCI-N87 cells (n).
Keratin-18 (K18) was used as an internal control. Effect of
exogenous EGF (100 ng/ml) on lipase (C) and pepsin (D)
activities in post-confluent NCI-N87 cells. Specific lipase
activity is expressed as nmol of free fatty acids released per
min per milligram of protein and pepsin activity in pepsin units
per milligram of protein. Data represent the mean 4 SEM of
three separate experiments. Asterisk indicates a significant
difference between control and EGF (P < 0.007).

epithelial cells [Basque et al., 1999; Basque and
Ménard, 2000] was assessed on cultured cells.
AGS, Hs746t, KATO-III and NCI-N87 cells
were all positive for immunostaining of several
tyrosine kinase receptors including KGF-R,
HGF-R and IGF1-R (data not shown). Figure
8 illustrates that EGF-R was ubiquitously
expressed in all cell lines including NCI-N87
cells in which an intense membrane labeling
was observed (Fig. 8A). Western blots revealed
the 175 kD EGF-R protein in the studied
gastric cancer cell lines (Fig. 8B). Its relative
abundance in NCI-N87 cells prompted us to
evaluate the effects of EGF ligand on the
synthesis of chief cell digestive enzymes. Addi-
tion of human recombinant EGF (100 ng/ml) to
postconfluent NCI-N87 cells for 48 h resulted in
a significant increase (~50%) of HGL activity
in culture medium (Fig. 8C). Noted that Pgb
activity remained unaffected by growth factor
treatment (Fig. 8D).

DISCUSSION

Cellular models exhibiting normal charac-
teristics of the human gastric epithelium must
be developed in order to study, under defined in
vitro conditions, the molecular events involved
in the regulation of gastric digestive functions.
At first hand, the distinct morphology of gastric
carcinoma cell lines studied suggests that each
possesses unique functional and differentiated
characterisics. For instance, KATO-III and
Hs746t cells are derived from poorly differen-
tiated gastric carcinomas [Sekiguchi et al.,
1978; Smith, 1979] and they either grow in
suspension or exhibit an irregular adherent
morphology. In contrast, AGS and NCI-N87,
which form typical epithelial monolayers, arise
from moderate and well differentiated gastric
cancers [Barranco et al., 1983; Park et al.,
1990]. The current study demonstrates for the
first time that, independently of their phe-
notype, gastric carcinoma cell lines do share a
capacity for expressing mucigenic and zymo-
genic products. The NCI-N87 strain, however,
displays a more polarized status and repre-
sents a novel promising model, especially reg-
arding the synthesis and secretion of chief cell
zymogens.

Since zonulae adherens and occludens mole-
cules are functional components of apical junc-
tions in all epithelial cells [Shimoyama and
Hirohashi, 1991; Hanby et al., 1996], they play
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key roles in the maintenance of cell and
membrane polarity. Thereby, the presence and
cellular distribution of E-cadherin and ZO-1
proteins were verified in subconfluent and post-
confluent NCI-N87 cells. Our results indicate
that all cells express membrane-associated E-
cadherin, supporting the existence of intimate
cell—cell contacts in NCI-N87 cultures. Pre-
vious studies have shown that KATO-III cells
carry E-cadherin point mutations, resulting in
the production of aberrant mRNA [Oda et al.,
1994]. Such a disfunction probably illustrates
their tendency to grow as free-floating isolated
cells [Motoyama et al., 1986]. Recently, the
absence of E-cadherin expression was observed
in AGS cells [Hsieh et al., 1996; Jawhari et al.,
1999]. The latter feature would explain, in
part, why cultured AGS monolayers eventually
loose their integrity after confluency is reached.
In contrast, postconfluent NCI-N87 cultures
maintain a typical tight coherent epithelial
morphology, characterized by the appropriate
peripheral distribution of the tight junction-
associated ZO-1 in a subpopulation of cells
organized in clusters. Thus, it seems plausible
that NCI-N87 cells exhibit a more differen-
tiated epithelial phenotype.

To assess the use of cancer cells for studying
specific gastric functions, we determined the
presence of functional markers normally
associated with the human gastric epithelium.
Firstly, all cell lines were found to express PAS-
positive glycoconjugates in their cytoplasm and
granules, suggesting they could be functionally
related to gastric mucous cells, as proposed
earlier for KATO-III cells [Yamamoto et al.,
1990]. In normal gastric epithelium, MUC5
and MUC6 mucins are localized in distinct cell
types. MUCS5 is expressed in the superficial/
foveolar epithelium whereas MUCG6 expression
is restricted to mucous cells of the neck region
[De Bolos et al., 1995; Ho et al., 1995; Bartman
et al., 1998]. Recently, the absence of MUC6
mRNA and protein in several gastric cancer
cell lines have underlined their limited capa-
city for mucopeptic differentiation [Carvalho
et al.,, 1999]. Our observations with AGS,
Hs746t and KATO-III cells support this con-
clusion which in fact reconciles with histopatho-
logical studies revealing an increased tendency
to foveolar cell differentiation in gastric tumors
[Fiocca et al., 1987]. However, for the first time,
we revealed the presence of MUC6 glycoprotein
in NCI-N87 cultures suggesting a similarity

with the mucopeptic cell lineage. One has to
keep in mind that in the adult stomach, mucous
neck cells transdifferentiate into pre-zymo-
genic and mature zymogenic chief cells as they
migrate towards the base of glands [Karam
and Leblond, 1992; DeBolos et al., 1995]. Since
human chief cells express both pepsinogen
(Pgh) and gastric lipase (HGL) [Moreau et al.,
1988; Basque and Ménard, 2000], immuno-
staining and enzymatic assays were performed
to detect the latter proteins in cell cultures. We
reveal that a subpopulation of AGS, Hs746t
and KATO-III cells synthesized both zymogens
at various intensities (a diffused cytoplasmic
distribution) while no significant HGL activity
was detected in their medium. Only NCI-N87
monolayers were intensely positive for Pg5 and
HGL and even accumulated these products
in granule-like structures, as they were able to
efficiently secrete both zymogens into the cul-
ture fluid. These characteristics are quite
unique for gastric cancer cell lines and are
similar to those observed in normal human
chief cells either in human gastric explants
[Ménard et al., 1995] or in primary cultures
[Basque et al., 1999].

The majority of existing gastric cancer cell
lines express EGF and its receptor [Kamata
et al., 1986; Lewis et al., 1993]. Our results not
only confirm the presence of EGF-R in all four
studied cell lines but also reveal its abundance
and membrane localization in NCI-N87. The
addition of human recombinant EGF to post-
confluent NCI-N87 cells resulted in a signifi-
cant increase of HGL activity in culture
medium without affecting that of Pg5. This
differential response is in total accordance with
the concept that gastric digestive enzymes co-
expressed in human chief cells are under
different regulatory mechanisms [Chew and
Hershey, 1982; Kasbekar et al., 1983; Finks
et al., 1985; Ménard et al., 1995].

In summary, the gastric cancer cell line NCI-
NB87 displays a unique differentiation status by
its capacity to form tight-coherent monolayers
and to be maintained at postconfluency. This
study also establishes that NCI-N87 cells
exhibit the mixed functional characteristics of
pre-zymogenic cells expressing the neck cell (or
mucopeptic) MUC6 mucin together with the
production and secretion of human chief cell
digestive enzymes. In conclusion, the present
investigation enlightens the potential useful-
ness of this specific gastric cancer cell line as a
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model for elucidating the cellular and molecular
mechanisms involved in the process of human
gastric epithelial functional differentiation.
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